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PREFACE 


This book brings together in one volume the chief results of a series of 
experimental studies on hearing and related problems extending over a 
period of 34 years. The earlier experiments, from 1924 to 1946, were 
carried out in the Royal Hungarian Institute for Research in Telegraphy 
in Budapest, those in 1947 in the Department of Telegraphy and Teleph- 
ony of the Royal Institute of Technology in Stockholm, and the ones 
since that time in the Psycho-acoustie Laboratory of Harvard University. 
I am deeply grateful to the directors and staffs of all these institutions, 
and especially to Professor S. S. Stevens and Professor E. B. Newman, 
for their generous provision of facilities and technical help. In my work 
at the Psycho-acoustie Laboratory I am especially indebted to Mr. Ralph 
Gerbrands and Mr. Rufus L. Grason for their assistance in the develop- 
ment of mechanical and electrical equipment, to Miss Geraldine Stone 
for aid in the preparation of the papers published in English, and to 
Mrs. Elizabeth Gardner for her work in the production of drawings. 
Research in hearing is of such a complex and exacting nature that it 
would be difficult to proceed without advantage of the knowledge and 
skills of many other persons. 

'The original articles appeáred i in ` numis technical journals, access 
to many of which is now difficult. © More than half of them were written 
in German, the others in English, and all necessarily adhered to the 
special requirements of the varioys,journals and editors. For this book 
the German articles have been e ensläted into English, and all have 
been edited to produce a uniform style. 

For this work I am indebted to Professor E. G. Wever, and it is 
proper to say that this presentation was made possible by his willingness 
to assume the task. Probably many persons cannot appreciate the labor 
that is involved in an undertaking of this kind to the extent that I do, 
who have shifted about in this troubled world to so many ‘countries and 
have learned and forgotten so many languages. It is almost a unique 
privilege to have this aid from someone working in the same field of 
research and conversant with its problems and technicalities. 

It should be emphasized that the presentations adhere to the original 
articles, and the interpretations of problems and results reflect the evi- 
dence at hand when the research was carried out. In one or two 
instances, when later work has led to a change in viewpoint, this fact is 
pointed out in a footnote. Also a few typographical and other errors 
have been corrected. 

The articles are grouped by subject, and the arrangement bears only a 
limited relation to the temporal order in which the experiments were 
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performed. Part 1 is introductory. It presents two short chapters of 
new material on the nature of auditory problems and the historical 
development of our knowledge about the anatomy of the ear, and then 
includes two other chapters on anatomical techniques and experimental 
methods. The technical material of these last two chapters has been 
extracted from the experimental articles and assembled here so as to 
avoid needless repetition later on. The remainder of the book consists 
of the articles in their original form except for the extractions just 
mentioned and a few other deletions that are referred to at the proper 
places. Part 2 is concerned with the process of sound conduction in the 
ear, Part 3 with several aspects of the psychology of hearing, and Part 4 
with the mechanical and physiological processes of the cochlea and its 
associated nervous system. 

I should like to express my deepest gratitude to Süzanne Wever for 
the typing of the manuscript. The care and precision with which she 
performed this task contributed greatly to reduce the number of errors. 


Georg von. Békésy 


ACKNOWLEDGMENTS 


Acknowledgment is made to the following publishers for permission to reproduce 
the articles included here. 


The Journal of the Acoustical Society of America 
American Institute of Physics 
New York, New York 


Akustiche Zeitschrift and Physikalische Zeitschrift 
S. Hirzel Verlag 
Stuttgart, Germany 


Annalen der Physik and Zeitschrift fiir technische Physik 
Verlag von Johann Ambrosius Barth 
Leipzig, Germany 
Acta oto-laryngologica 
Swedish Medical Society 
Stockholm, Sweden 
Elektrische Nachrichten Technik 
Springer Verlag 
Berlin, Germany 
Forschungen und Fortschritte 
Nachrichtenblatt der deutschen Wissenschaft und Technik 
Berlin, Germany 
Laryngoscope 
The Laryngoscope Company 
St. Louis, Missouri 


PREFACE 


The Proceedings of the National Academy of Sciences 
University of Chicago Press 
Chicago, Illinois 


Review of Scientific Instruments 
American Institute of Physics 
New York, New York 


Science 
American Association for the Advancement of Science 
Washington, D.C. 


"Transactions of the American Microscopical Society 
American Microscopical Association 
Columbus, Ohio 


vii 


CONTENTS 


Preface 


1. 
2. 
3. 
4. 


e 


A. 


PART 1. INTRODUCTION 
Problems of Auditory Research 
The Anatomy of the Ear . 
Anatomical Techniques 
Experimental Apparatus and Methods . 


PART 2. CONDUCTIVE PROCESSES 
The Action of the Middle Ear 


Movements of the Auditory Ossicles. 
Physics of the Middle Ear Un ws Aiea Foo, ens 
Differences in Sound Pressure between the Cochlear Windows . 


. Bone Conduction 


Nature of Bone Conduction z 

Absolute Bone-conduction Threshold 

Vibration of the Head in a Sound Field. "eed cce tei ac aio 
Strueture of the Middle Ear and Hearing of the Voice by Bone Conduction 


PART 3. THE PSYCHOLOGY OF HEARING 


Auditory Thresholds 


Just-noticeable Differences of Amplitude and Frequency . 
Fechner' Law and Its Significance. . . 2. . . . 

Low-frequency Thresholds for Hearing and Feeling een Au. 
Effects of the Head and External Auditory Meatus on the Sound Field 


. The Spatial Attributes of Sounds. 


The Sensation of Direction 


Perception of the Distance of a Sound Source . 

9. Problems pe Distortion a Gt as th Lon. 
Clicks and the Theory of Hearing . . . . . . . . . A 
AE te Aya A V Ru m ox os 
Nonlinear Distortion in the Ear. . . . . . . , , 5 
PAORO A Te DS R 
Fatigue Phenomna . . . . . . . . . . , Se ss 


11 
19 


127 


163 
181 


207 


207 
238 
257 
267 


272 
272 
301 


314 


314 
321 
332 
344 
364 


x 


CONTENTS 


10. Room Acoustics. 


11. 


12. 


M 
m 
£o 


14. 


Optimum Reverberation Time 
Audibility in Small Concert Halls le ant» clea 
Effects of an Absorbent Surface on a Sound Field . 


PART 4. COCHLEAR MECHANICS 


The Pattern of Vibrations in the Cochlea 


Vibratory Pattern of the Basilar Membrane DX. AA 
Vibrations of the Cochlear Partition in Preparations and Models 
Resonance and Decay Processes in the Cochlear Partition 
Variations of Phase along the Basilar Membrane . 

Elasticity of the Cochlear Partition . Xe. nd cA, RN 
Direct Observation of the Vibrations of the Cochlear Partition . 


Wave Motion in the Cochlea . 


Mechanieal Properties of the Organ of Corti 

Frequency Analysis in the Cochleas of Various Animals 

Paradoxieal Wave Travel along the Cochlear Partition rn 
Simplified Model to Demonstrate Energy Flow and Traveling Waves . 


Frequency Analysis and the Law of Contrast 


Frequency Analysis in the Human Cochlea . 

Current Status of the Theories of Hearing . 

Human Skin Perception of "Traveling Waves 

Sensations on the Skin Similar to Auditory Phenomena " WR 

Neural Volleys and Similarities between Tonal and Cutaneous Sensations . 

Funneling in the Nervous System and Its Role in Loudness and Sensory 
Intensity on the Skin 


The Electrophysiology of the Cochlea 


Direct Potentials and Energy Balance of the Cochlear Partition 

Resting Potentials within the Cochlear Partition 

Pattern of Electrical Resistance in the Cochlea ; ` 

Mierophonies Produced by Touching the Cochlear Partition with n Vibrating 
Electrode . : Hart abr 

Place of Origin of Cochlear Microphonics 

Shearing Mierophonies Produced by Vibrations in the Cochlea 


Author’s Bibliography 


References 


Index , 


PART 1 


INTRODUCTION 


CHAPTER 1 


THE PROBLEMS OF AUDITORY RESEARCH 


The experiments with which this book is concerned were begun when 
the field of acoustics was just approaching its modern period. The 
rapidly growing science of electronies was providing new and precise 
instruments for the production and measurement of sounds, and many 
new methods were being worked out for registering the effects of sounds 
on the ear. Some of these methods were physical, others were physi- 
ologieal or electrophysiological, and still others were psychological, 
involving the observations of human subjects. All three types were 
utilized in the experiments that are reproduced here, and often all of 
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Fia. 1-1. A Persian miniature painting of the fifteenth century. 


3 


4 INTRODUCTION 


them were applied to the solution of a single problem. Because results 
always flow from the procedure that is used, and because there has been 
almost a revolutionary development of techniques in acoustics during 
the decades covered by these studies, this chapter will be devoted to a 
discussion of auditory problems in relation to methodology. 

A primary consideration is the problem to be investigated, how it is 
approached, and how it is envisaged in relation to what is already known. 
It is possible to distinguish two forms of approach to a problem. One, 
which may be called the theoretical approach, is to formulate the problem 
in relation to what is already known, to make predietions or extensions 
on the basis of accepted principles, and then to proceed to test these 
hypotheses experimentally. Another, which may be called the mosaic 
approach, takes each problem for itself with little reference to the field 
in which it lies, and seeks to discover relations and principles that hold 
within the circumscribed area. 

A close analogy to these two approaches may be found in the field of 
art. In the period between the eleventh and seventeenth centuries the 
Arabs and Persians developed a high mastery of the arts of description 
and portrayal, and they used the mosaic style. An example is given in 
Fig. 1-1, which shows a Persian miniature painting of a betrothal. The 
various persons and objects are represented individually, spread out as 
though on a carpet, and with little perspective or relation to one 
another. 

Later, during the Renaissance, a new form of representation was 
developed in which the attempt was made to give unity and perspective 
to the picture and to represent the atmosphere. An example of this 
form of art is shown in Fig. 1-2. 

When in a field of science a great deal of progress has been made and 
most of the pertinent variables are known, a new problem may most 
readily be handled by trying to fit it into the existing framework. When, 
however, the framework is uncertain and the number of variables is 
large the mosaic approach is much the easier. 

Many of the experiments to be described in this book employed the 
mosaic approach, but when considered in connection with other experi- 
ments carried out subsequently by the author and by many other workers 
in this field they take on a broader meaning and perhaps now may be 
woven into a more general structure. 

Of great importance in any field of research is the selection of problems 
to be investigated and a determination of the particular variables to be 
given attention. No doubt the verdict of history will be that the able 
iii were those who picked out the significant problems and pursued 

em in the proper ways, and yet these scientists themselves. would 
probably agree that in this phase of their work fortune played a highly 
important role. When a field is in its early stage of development the 
selection of good problems is à more hazardous matter than later on, 


when some general principles have begun to be developed. Still later, 
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Fic. 1-2. A woodcut of the Renaissance period, sixteenth century. 


Problems arise in a variety of ways, and it is often worthwhile to list 
the forms that they may take. Thus we can distinguish the following: 

1. The classical problem, which has had much effort expended upon it, 
but without any acceptable solution. 

2. The premature problem, which often is poorly formulated, or is not 
susceptible to attack. 

3. The strategie problem, which seeks data on which a choice may be 
made between two or more basic assumptions or principles. 

4. The stimulating problem, which may lead to a reexamination of 
accepted principles and may open up new areas for exploration. 

5. The statistical question, which may be only a survey of possibilities. 

6. The unimportant problem, which is easy to formulate and easy to 
solve. 

7. The embarrassing question, commonly arising at meetings in the 
discussion of a paper, and rarely serving any useful purpose. 

8. The pseudo problem, usually the consequence of different definitions 
or methods of approach. Another form of pseudo problem is a statement 
made in the form of a question. It also is often the result of discussions 
in meetings. 

It is frequently helpful to attempt to place a given problem in this 
array of possibilities, for such a classification may provide a hint as to 
the problem's significance, the difficulties involved in its attack, and the 
sort of solution that may be expected. 

A considerable amount of scientific work consists in the repetition of 
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experiments previously performed by others. This is a particularly 
onerous task, partly because the conditions of the original experiment are 
not described in full, and because the motivation is poor. The original 
work was done with care and enthusiasm, but its repetition can be dull 
and uninspiring. Almost inevitably the work is rushed through. 

In psychological experiments an important matter is the type and 
number of subjects. These two are usually related, and the investigator 
can use a small number of highly trained subjects for extended periods or 
a large number of slightly trained subjects for brief times. Both pro- 
cedures have their uses according to the problem at hand. When 
basic phenomena have to be explored and the important variables 
identified it is best to use subjects that are trained as thoroughly as 
possible. A trained subject will show only limited variability, largely 
because he is able to keep his attention on the phenomena under investiga- 
tion and to ignore irrelevancies. On the other hand, it may be of interest 
to discover the range of capacities in a population, and then it is obvious 
that a great many. subjects are needed. 

In any event, it is necessary to train every subject to some extent and 
to instruct him in the phenomena that are to be reported. Sometimes 
there are unexpected difficulties in this regard, as an example will make 
clear. In the experiments on loudness discrimination one of the subjects 
Was a gypsy violinist. In the early part of the experiment his difference 
limens were enormous, far out of the range of the other subjects, His 


In the research deseribed in the following chapters the emphasis is upon 
obtaining numerical values. When such values are lacking it is hardly 
possible to make a deeision among competing hypotheses, An example 
will make this point elear, Perhaps the most significant measurement in 
relation to the operation of the cochlea is that of the volume elastieity 
of the basilar membrane. This value alone can determine whether the 
basilar membrane vibrates according to a standing-wave theory, a 
traveling-wave theory, a resonance theory, or a telephone theory. It is 
not always easy, however, to decide what numerical values are of real 


and the time and effort that have to be expended in setting up the special 
equipment. However, there is an added gain in many experiments, 
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especially those involving psychological judgments, because the auto- 
matic arrangement helps in generating a stabilized atmosphere. In the 
writer’s experience it is good practice in psychological investigations to 
have a subject in a room alone with the apparatus, with the instruction 
to press a button when he is ready to make an observation. The system 
is designed to make the presentation, record the subject’s judgment on a 
paper strip, and then stop until the button is pressed once more. Under 
these conditions there is no distraetion from the presence of another 
person, and the subject is able to choose the moment when he can give 
the task his full attention. 

A real difficulty with automatic equipment is that it increases the num- 
ber of data. As a consequence there is a pressure to use statistical 
methods in evaluating the results, This procedure can greatly alter the 
problem, or even transform it to something out of all resemblance to the 
original one. 

In scientific work there is always a diffieulty in deciding when an 
experiment should be considered as completed. Most experiments are 
begun with a definite goal in mind, and there is a strong impulse to stop 
when this goal is reached. If the goal is not reached on the first attempt 
the procedure is altered and improved, and this activity continues until 
the expected results are obtained. It is obvious that this behavior 
operates so as to bias the investigation in a certain direction. Mistakes 
that lead away from the goal are corrected; those that lead to it are 
unnoticed. If the variance of the experiment is large this procedure 
almost surely leads to wrong conclusions. The writer has found it 
profitable to carry on a series of experiments for a month or so beyond the 
point where everything seemed complete and ready for publication. 
Almost invariably this somewhat aimless working with the equipment 
has brought out new aspects of the problem and rounded out the final 
conceptions. Sometimes it has led to new kinds of observations. 

It is particularly difficult to determine when a negative experiment 
should be eoneluded. It is hardly ever possible to prove the negative of 
a proposition, and it has come to be a rule of thumb to bring a piece of 
work to a close after negative results have been obtained ten times in 
succession. Yet someone has pointed out that ten consecutive failures 
to circumnavigate the globe did not prove that the earth was flat. Per- 
haps the most interesting negative experiment in the field of physics was 
the one concerned with perpetual motion. Hundreds of failures did not 
seem to be convincing. Yet out of these failures came the development 
of the three laws of thermodynamics. On the basis of these laws it 
became possible to make positive statements that could be either proved 
or disproved with a single experiment, and the result was a transformation 
of a long period of stagnation into one of great progress. The same has 
happened in other fields of science, and thus it is comforting that even 
failure may sometimes have its benefits. 

One of the most important features of scientific research is the detection 
and rectification of errors. The writer believes that positive results and 
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failures ought to be discussed together. Only by such complete report ing 
can we get a true conception of a piece of work, of the manner of its 
development, and of the limitations of its principles, 

One way of discovering errors is to repeat the same measurements by 
different methods. If the same results are obtained by widely differing 
methods we ean feel reasonably confident of their reliability. A way of 
avoiding errors is to work in à team. The several members can supple- 
ment one another's skills and check the procedures. In team research, 
however, it often happens that the dull, routine work is left to the younger 
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Fic. 1-3. The reflection of sound waves on the 
Kircher, 1650. 


ceiling of a room, as represented by 


members and not checked by the more experienced, 
least able individuals are given all the 
can affect all the results, 

Another way of dealing with errors is to have friends who are willing to 
spend the time necessary to carry out a critical examination of the experi- 
mental design beforehand and the results after the experiments have been 
completed. An even better way is to have an enemy. An enemy is 
willing to devote a vast amount of time and brain power to ferreting out 
errors both large and small, and this without any compensation, The 
trouble is that really capable enemies are Scarce; most of them are only 
ordinary. Another trouble with enemies is that they sometimes develop 


If, for example, the 
calibrations to do, their mistakes 
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FiG. 1-4. The reflection of sound waves in the pinna of an animal, according to Schel- 
hammer, 1684. 


Fra. 1-5. The reflection of sound waves through the meatus and middle ear and their 
concentration on the cochlear window, according to Schelhammer. 


into friends and lose a good deal of their zeal. It was in this way that 
the writer lost his three best enemies. 

A further question concerns the boundaries within which a principle 
may be considered as valid. Serious errors can be made when such 
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boundaries are not recognized, An illustration is to be found in the 
following problem of acousties, which has a very ancient history. It 
arises because the behavior of sounds depends to a great extent on the 
wavelength, and because in acoustics it is necessary to cover a tremendous 
range of frequencies and wavelengths. 

At the lower limit, of hearing it is necessary to deal with frequencies 
as low as 20 eps, with a wavelength in air of 15 meters, whereas at the 
upper limit we must go as high as 50,000 eps, with wavelengths as short 
as 6 mm. The propagation of waves is very different in these two ranges. 

Compare the drawings represented in Figs. 1-3 to 1-5. The first, made 
by Kireher in 1650 to represent the reflections of speech waves on an 
elliptical ceiling, can be considered as correct at the present day. The 
other two, made by Schelhammer in 1684 to show sound reflections in the 
pinna of an animal and within its middle ear, might be correct for ultra- 
sonie waves but certainly not for waves in the region of 1000 cps. Waves 
are reflected in the manner indicated only if they have wavelengths that 
are small relative to the size of the surfaces that they strike, 

Many misunderstandings would be avoided if for every statement an 
indication was made of its expected range of application. At times a few 
additional experiments are all that is needed to provide at least an esti- 
mate of the limits of operation of some new generalization. At other 
times, however, it may be necessary to design and construct a whole new 
experimental arrangement, and this work may be more expensive in time 
and effort than the original experiment. Yet the work is worthwhile and, 
indeed, is essential to the proper development of a scientific field. 


CHAPTER 2 


THE ANATOMY OF THE EAR 


A good description of the gross anatomy of the ear is to be found in 
Helmholtz's Sensations of Tone, which first appeared in 1863. The figure 
that he used includes the principal parts and is reproduced in Fig. 2-1. 
The air pressure in the external auditory meatus sets the eardrum into 
vibration, and these vibrations are transmitted through the larger 
ossicles to the footplate of the stapes. This footplate is held in the oval 
window of the cochlea by an annular ligament. The cochlea is filled 


Semicirculor canals 


External 
auditory 
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Scala tympani 


Cochlear partition 
Round window 


tube 


Fra. 2-1. A sectional diagram of the ear, after Helmholtz, 1863. The arrows indicate 
the paths of a sound. 


with fluid, the perilymph, and any movement of the eardrum produces a 
displacement in this fluid in the region of the footplate. The displace- 
ment moves along the scala tympani until it reaches the round window. 
At the round window it produces a volume displacement that is equal to 
that initiated by the stapedial footplate. Between the two scalae is the 
cochlear partition, and the streaming of the fluid along this partition sets 
up a pressure difference across it. This pressure difference produces a 
deformation of the soft tissues comprising the partition, and among these 
are the sensory cells from which the stimulation is conveyed to the nerve 
endings. 

Many of the general features of the ear's structure were discovered by 
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the pioneer anatomists of the sixteenth and seventeenth centuries. Not 
until the eighteenth century was well advanced, however, did the finer 
details begin to come to light. Some of the main steps in this devel- 
opment will be indicated by means of a series of pictures. 

In Fig. 2-2 is a drawing published by Lincke in 1837. It is a cross 
section of the cochlea and represents the coiled form of the scala vestibuli 
and scala tympani. At the top of the cochlea is the helicotrema, an 
interconnection between the two scalae that keeps the fluid at the same 
pressure on each side of the basilar membrane. The entrance of blood 
vessels and the cochlear nerve through the modiolus is represented. On 
the upper left side of the cochlea is an indication that the partition 


Cochlear 
partition 


H Scolo 
Basilar tympani 


membrane, 


Modiolus” Eh v G Pasar de, 
Fic. 2-2. A modiolar section of the cochlea, from Lincke, 1837. 


between the two scalae consists of two membranes, It was in this 
enclosed space that Corti in 1851 discovered the organ named after him. 
At this time, however, the cochlear partition was usually represented as 
in Fig. 2-3. This sort of picture results from the opening of the cochlea 
and the escape of fluid, after which the tissues dry out. 

A few years later the microscope was much improved and methods had 
been devised for the fixation of tissues, Corti then was able to see the 
single cells included in the cochlear partition in a manner indicated in 
Fig. 2-4. This was the first representation of cells lying on the basilar 
membrane. Compared with the structure as we know it today, this 
organ was greatly flattened, The flattening occurred because in the 
course of the preparation of the tissues the perilymph was allowed to 
escape, and the organ dried out and shrunk to a flat plate, 
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As the technique of fixation was improved further it became clear that 
these cells are not spherical but cylindrical. This feature may be seen 
in Fig. 2-5, which represents a drawing used at Harvard University 
around 1865. These cells are ciliated at one end, and are called hair 
cells. This figure also shows two pillars forming a tunnel between. 


r — 


Pillar cells bw 


Fra. 2-5. The organ of Corti, from a drawing used at Harvard University around 1865, 

The drawings made by Politzer in 1873 look almost like those of the 
present day. In the one shown in Fig. 2-6 the basilar membrane and 
Reissner’s membrane are clearly represented. They divide the cochlear 
cavity into three tubes. That between Reissner’s membrane and the 
basilar membrane is filled with a separate fluid, the endolymph. The 
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hair cells are covered over with the tectorial membrane, which as an 
artifact has been pulled away from the hair cells somewhat, leaving 
their cilia free. Politzer was uncertain about the proper form and posi- 
tion of the tectorial membrane, and in another pieture, reproduced in 
Fig. 2-7, he portrayed it as extending to the external wall of the cochlea, 
which is now known to be erroneous. Yet this figure correctly represents 
the unmyelinated nerve fibers crossing the tunnel and running to the 
outer hair cells. 

The drawing by Ranvier, made in 1875 and given in Fig. 2-8, is 
distinguished by the fact that it shows only slight distensions of the 
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Fro. 2-6. The organ of Corti, after Politzer, 1873, g 


cells. The tectorial membrane is flat, much as it appears in the living 
guinea pig. 

Figure 2-9 is taken from the monumental work of Retzius in 1881 and 
1884 on the anatomy of the labyrinth from fish to man. This is a cross 
section of the cochlear duet, 

. By the end of the nineteenth century many theories had arisen regard- 
ing the process of hearing, and attention had become focused upon the 
hair cells and their enclosing structures. Renaut’s drawing, presented 
as Fig. 2-10, shows how the hair cells hang in a perforated sheet, the 
reticular membrane. The tectorial membrane is supposed to rest on 
this sheet and to pull on the cilia during the movements of the basilar 
membrane. Kolmer (1) made beautiful drawings in color showing the 
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Fia. 2-8. Ranvier's drawing of the organ of Corti, 1875. 
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Fig, 2-10. The hair cells in relation to the reticular membrane fro Bist: 1899 
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Fic. 2-11. Kolmer's drawing of the organ of Corti, showing details of its structure. 


Fic. 2-12. Krause's drawing of the organ of Corti, 1927. The tectorial membrane as 
shown here approximates the normal form. 


elaborate details of the structure, and one of them is given in Fig. 2-11. 
Here the tectorial membrane is swollen and lifted away from the hair 
cells. The swelling is an artifact produced in the process of fixation. 
The condition as shown in Fig. 2-12, in a drawing made by Krause in 
1927, is more nearly normal. 

The presence of artifacts, such as the swelling of the tectorial membrane 
found in many of the specimens that have been depicted here, means that 
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the tissues have been improperly fixed. It was easy to demonstrate the 
production of these structural distortions. To do so the cochlea of a 
living guinea pig was opened and the organ of Corti was illuminated with 
a slit lamp so that it was possible to see the contours of the hair cells and 
the cells of Hensen. If then any of the commonly used fixatives was 
introduced by means of a mieropipette there immediately occurred a 
sudden jumping movement of the organ of Corti. Often the movement 
was so severe that the tectorial membrane was torn away. If physiologi- 
cal saline solution was introduced in the same way no movement occurred. 


— 


CHAPTER 3 


ANATOMICAL TECHNIQUES * 


The physical principles that have been developed and used with great 
success in engineering cannot be applied immediately to the mechanics of 
the ear. The tissues of the body are so much softer than the metals and 
other substances commonly employed in engineering that there can be 
no reduction of complex systems to a number of separate working parts, 
and no lumping of properties into elasticities, masses, and frictions as 
is done in engineering mechanics. This situation makes difficult a 
mechanical approach to the problems of hearing. 

It is important that the physicist and engineer develop a sufficient 
understanding of these differences to appreciate the true problems and to 
discover the adaptation of the usual mechanical principles that must 
be made for the ear. 

It is unfortunate that the study of anatomy has been much neglected 
in recent years. This is true even in medical schools, where the time 
devoted to this subject has steadily declined. Functional anatomy in 
particular has had little consideration, and though much attention has 
been given of late to electrophysiology there has not been any corre- 
sponding development of electroanatomy. Yet it is obvious that along 
with an understanding of the nature of electromechanical and electro- 
chemical processes in tissues it is important to know what anatomical 
fields are involved. 

Anatomy cannot be learned from books, for no description or set of 
static pictures can make clear the relations of the many complex parts 
and the great variety of individual variations. A dissection is a dynamic 
process, and this is as much true of dissection in a cadaver as that which 
occurs in surgery. Every step is a step of no return, and the dissector 
must proceed from one landmark to another. If he loses his orientation 
the result is usually unfortunate. Yet no anatomical book gives adequate 
attention to the landmarks, or shows which ones are the most useful. 
Everyone has to learn them for himself. 

The learning of anatomy without tuition is a formidable task. The 
writer well remembers his experience of many years ago, when as a com- 
munications engineer he became interested in the anatomy of the ear 
and set out with hammer and chisel to study a human head. After 
several hours of hard work the piece of tissue became smaller and smaller, 


“ This chapter contains extracts from Arts. 38, 39, 42, 32, and 58, as listed in the 
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and in the end faded away without affording even a glimpse of the inner 
ear structures. A histologist who had not been trained in the region of 
the ear recently reported that it took him a month to find the organ of 
Corti. This problem of orientation is much more difficult for the ear 
than for most bodily structures, because this organ is both complex and 
of small size, and is buried deeply in the temporal bone. 

The following remarks are intended to stimulate physicists and tele- 
phone engineers to obtain some anatomical preparations of the ear and to 
study them, if they intend to deal with problems of hearing. The 
mechanics of the ear is so complicated that it can be described only with 
great difficulty. Almost always an examination of the actual conditions 
leads to entirely unexpected and novel points of view. 

Though the techniques of dissection for medical purposes have been 
highly developed, there is no technique at all for dissecting small organs 
such as the middle ear and the cochlea. This is true in part because the 
available instruments are unsuitable for a direct investigation of these 
organs, The general practice is to study such structures only histologi- 
cally, by means of serial sections. This situation has had a serious effect 
upon the development of the physiology of hearing and the pathology of 
the ear, for the observation of the fresh organ discloses many features 
that are lost in the course of histological preparation. 

An attempt was made, therefore, to develop tools that would permit 
the sure and speedy preparation of specimens of small dimensions. This 
would give a kind of microanatomy as an intermediate stage between 
histology and standard methods of dissection, 

Fresh temporal bones are to be obtained from the prosector of a large 
hospital. Nearly all the soft tissue must be removed from the bones, 
leaving only the inner half of the cartilaginous meatus. It is often 
desirable to use the temporal bones of newborn infants in the study of the 
ame. because these bones are not calcified and may be cut with a 
scalpel. 

Because the instruments used by telephone engineers can neither be 
cleaned nor disinfected thoroughly, the danger of infection is greater in 
the physical laboratory than in an anatomy room. Especially to be 
avoided are tissues from persons that have died of typhus or sepsis, The 
preliminary work can be done with rubber gloves, which are put on after 
using taleum powder on the hands so as to avoid abrasions. For delicate 
dissections, however, it is necessary to work without gloves. To avoid 
infection, any minor scratches on the hands should be treated with tine- 
ture of iodine and given a protective covering of collodion. If there are 
major cuts all dissection should be avoided. However, many persons 
can become infected even though the skin is not broken, evidently 
through the pores, and it is well to rub the hands with petroleum jelly 
containing 2 per cent resorcinol provided that the person is not allergic 
to this substance. 

If a local infection appears, then the blood should be pressed out and 
the wound treated with tincture of iodine. If there is a deep penetration 
of the infection, the wound should be opened by a physician so that the 
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disinfection can be made more thorough. If a deep abscess forms, a 
repeated treatment with a 3 per cent aqueous solution of phenol will 
usually cause it to subside. 

After the end of a dissection the hands should be washed with soap 
and rinsed with 60 per cent alcohol or a 1 per cent solution of mercuric 
chloride. Also beneficial are the proprietary ointments used by surgeons. 

The danger of infection from the preliminary dissection can be reduced 
appreciably by treating the temporal bone for a day with 5 per cent 
Formalin solution (7.e., 5 volumes of the commercial 40 per cent solution 
of formaldehyde to 95 volumes of water). Often the finer dissections are 
hampered by the effects of formaldehyde gas on the eyes, and a solution of 
benzalkonium chloride (Zephiran ehloride) is better. However, these 
solutions produce a considerable hardening of the tissues. 

General Preparatory Methods. The fresh temporal bone is held in a 
certain position by being embedded in plaster in a heavy metal box as 


Fra. 3-1. A box for embedding a temporal bone in plaster. 


shown in Fig. 3-1. The portions of the surface that are not to be dis- 
sected are covered with thin plaster, so that only a few drill holes are 
left free to work through. In this way a direct contact with the specimen 
is avoided. The metal holder can be fitted with a strong clamp with 
which to attach the specimen to the measuring equipment. As in many 
experiments it becomes necessary to introduce aerial sounds into the 
external auditory meatus, a tube is fastened to the box so as to extend to 
the meatus. To make it easier to remove the specimen at the end of the 
experiments, an equal volume of siliceous earth may be added to the 
plaster. 

Zine oxyphosphate cement as used by dentists is best for fastening a 
tube into the external meatus or sealing glass windows over openings. 
It sticks very well to fresh bone lus fluid is removed, even though 
the surface is not entirely d 
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The simplest way to prepare a permanent specimen is as follows, 
temporal bone is kept for 48 hr in a 10 per cent Formalin solution, am 
then, after it is taken out, the excess fluid is sucked away and the speci 
men dried in the air. If the soft tissues have been removed properly, this 
treatment gives a good specimen. 

If it is desired to cut the hard temporal bone with a knife it is necessary 
to decaleify it with 5 per cent nitric acid. If this solution is changed 
daily, an adult bone will be decalcified in 3 or 4 weeks. It is then kept 
in 10 per cent Formalin for 48 hr, washed in running water for 24 hr, an 
finally preserved in 80 per cent alcohol. 

If the soft tissues are to be removed from the bones by maceration, 
5 per cent solution of potassium hydroxide is used and changed daily 
for the first few days. The eardrum resists maceration better than other 
tissues, and may be left after the others are dissolved away if the time is 
properly chosen. If a portion of the eardrum is eut away, a good view 
of the middle ear is obtained. If the fluid is warmed to 60°C, the auditory 
ossicles will fall out after a short time leaving only the temporal bone 
itself. The bone can be bleached with a 6 per cent solution of hydrogen 
peroxide. 

A procedure that once was popular was to fill the cavity of the inner 
ear with Wood’s metal, and then to remove the bones altogether by 
macerating them for several days with warm potassium hydroxide solu- 
tion. In this way the connections between the various cavities can be 
made out. 

A large number of surgical instruments are useful for work on the 
temporal bone. In choosing among them it is necessary to bear in mind 
the difference between bone Surgeryand anatomy. Perhaps this difference 
can best be made clear with an example. If desired portions of the tem- 
poral bone are to be removed in the operation, it is usually best to use @ 
chisel. In its use with careful blows of the hammer it is possible to 
splinter off small portions of the bone. If by mistake one of the semi- 
circular canals is opened, there is usually no damage to the delicate 
membranous labyrinth within it, because the thin mucous membrane 
enclosing this structure yields readily and is not cut by the chisel. The 
opening will later be closed by healing processes, and the sense of equi- 
librium will not be lost. On the other hand, if a dental burr is used, an 
accidental entrance into the canal can have a serious result, The rapid 
motion of the burr and the accompanying bone dust will often destroy the 
membranous labyrinth. In many anatomical preparations this is of no 
Serious concern, and here it is better to use drills and saws because they 
give more exact results than the chisel. A small specimen in particular 
is difficult to hold in the plaster cast in a position corresponding to the 


tot ng on a living person, and so the 
use of a chisel is often more awkward for the anatomist than for the 


Bone forceps are more useful than the chisel for rapid exposure of the 
middle ear, but they often produce fractures of the bone and should not 
de. 


be employed if critical experim are 
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The most commonly used instruments are pictured in Fig. 3-2. The 
sharp-edged curette is used to scrape the surface of the bone. The 
injection needle is connected to an air pump and used to suck away excess 
fluid and bone dust. Also serviceable are a number of glass threads 
tipped with little spheres, which can be applied to the ossicles to test 
their mobility. Such threads when pushed against a surface with 
increasing force will exert a pressure that rises to a maximum and then 
maintains this maximum value as the force is further increased. The 
instruments ought not to be too small, or progress will be slow and the 
work will be fatiguing. An otolaryngological mirror will give adequate 
illumination, A small nickel-plated vise is often useful in sawing. 

If the structures of the cochlear lumen are to be investigated it is 
necessary to use a magnification of thirty to seventy times. A wide-field 
binocular microscope giving this amount of magnification will cover an 


Fig, 3-2. Instruments used for dissection of the temporal bone. 


area 6 to3 mm in diameter. The success of the preparation depends upon 
the speed and accuracy with which various instruments can be brought 
into this field of view, for a single mistake can nullify all that has gone 
before. Therefore the handles of all the instruments need to be standard- 
ized and various supports provided for finger and hand. Then, after a 
sufficient amount of practice, a person can position the point of an 
instrument within 1 mm without looking at it. 

In order that instruments may always be gripped in the same way, it is 
best to make the handles three-sided and to equip them with a projection 
that acts as a rest for the forefinger. A drill that was constructed in this 
way is shown in Fig. 3-3. If the operator’s fingernail is of the correct 
length, the distance between his forefinger and the point of the instru- 
ment is then fixed. Similar handles have been made for a variety of 
instruments, including needles, hair probes, scalpels, brushes, and the 
like. Some of these were fitted into interchangeable chucks, and others 
had handles molded from sealing wax or a similar substance. 

It is important that the arm be positioned in a comfortable way. The 
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Fro. 3-4, Armrests and microscope for use in dissection. Focusing of the microscope 
may be done with the foot. 


operator should hold the point of an instrument in the visual field of the 
microscope, and then set the armrests, as indicated in Fig. 3-4. The 
armrests shown have a metal cylinder about 2 em in diameter placed so 
that the little finger can curl around it, thus determining the position of 
the wrist. Also a erossbar near the lower end of the board serves to 
locate the elbow. Additional points of support are 


undesirable because 
the arm tires if held too rigidly in one position. 
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To keep both hands free for dissecting, a lever that can be moved with 
the elbow or a pedal that can be operated with the foot may be used to 
adjust the microscope, as described in Chap. 4, page 36. 

Preparation of the Cochlea. In the following paragraphs will be 
deseribed in detail the procedures employed by the writer in preparing 
the cochlea for detailed measurements. 

To estimate the position of the cochlea within the petrous bone, it is 
best to begin at the inner surface adjacent to the brain and to follow the 
auditory nerve. For this purpose, the canal carrying the auditory nerve 
is suitably enlarged by the drill until the nerve can be seen clearly in the 
cochlear axis. The axis may be identified by its direction. The petrous 
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Fic, 3-5. Preliminary dissection of the tempora 


bone is then sawed in two with a fret saw in a direction perpendicular to 
the cochlear axis, as shown by the vertical cut in Fig. 3-5. A second, 
horizontal cut removes the superfluous part of the skull. 

Thereafter, the section of bone containing the cochlea is cemented into 
an exactly hemispherical iron shell, 9 em in diameter, in such a way that 
the center of the cochlea coincides with the center of the hemisphere. 
(The wire cross visible in Fig. 3-4 facilitates the orientation when it is 
set on the hemisphere.) The cement used is a mixture of equal parts of 
gypsum and siliceous earth, which can be removed more easily later on 
than gypsum alone, and the bone is covered with this mixture except in 
the immediate vicinity of the cochlea. The hemisphere is set in a circu- 
lar opening, 7 cm in diameter, in the floor of the box shown in Fig. 3-4, 
In this opening the hemisphere together with the specimen can now be 
turned into whatever position is desired under the microscope. The 
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floor of the box is a steel plate, ground smooth, that can be shifted rela- 
tive to a second, fixed plate, and this permits easy displacement of the 
specimen in the horizontal plane. If the contact surfaces of the two 
plates are lubricated by viscous grease, the extent of displacement can 
easily be controlled by varying the time during which a continuous 
pressure of the fingers is applied to the upper plate. 

To avoid damage to the fine cochlear tissues by capillary forces, the 
cochlea should be prepared under water. A physiological saline solution 
is therefore kept flowing constantly through the container. The speed 
of flow is adjusted to carry away most of the bone dust from the drilling, 
without allowing waves to form on the surface of the liquid to disturb 
microscopic observation. 

The bone can be drilled and 
ground with ease if the bone dust 
stays in suspension in the water. 
The dust is then carried out of the 
field of observation in clouds with 


(a) 


(6) te) varying fineness, especially for the 
Fra. 3-6. Various methods of opening the final work. The grinding pressure 
cochlea, must be kept as light as possible 


Furthermore, the center of the cochlea is a mushroom-shaped bony struc- 
ture that breaks easily if there is the slightest eccentricity in the grinding 
wheel. The eccentricity of the wheel is best checked during rotation by 


‚The greatest difficulty in opening a cochlear canal is that it is lined 
with a tough, thin membrane that adheres only loosely to the bone. 
Therefore, if the drill is used at the most convenient angle, at a tangent 
to the canal (as in Fig. 3-6a), bone fragments detach themselves from 
the membrane while the latter is pushed inward. A considerable part 
of the membrane then usually pulls away from the bony wall, so that the 
spiral ligament (and with it the basilar membrane) also loses its hold on 


For this reason, the first step taken in opening the canal is to grind 
away all the bone parallel to the basilar membrane until only a small 


the thickness of the wall can be reduced along the curved canal, which 
becomes visible through the bone as a dark strip. After this preliminary 
work, a flat-headed grinding wheel is used to eut along the center of the 
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canal, as shown in Fig. 3-65, and to open a slit over its entire length. As 
the shaft of the wheel lies on the bone surface previously prepared, this 
operation is safe with a grinding wheel of proper size. Extensive loosen- 
ing of the membrane from the bony wall occurs rarely under these cireum- 
stances, because the wheel's direction of rotation is made such that the 
grinding starts from the inner part of the canal and proceeds outward. 
Thus the lining is pressed against the wall and does not separate from it. 
In opening the canal, it is well to begin near the cochlear axis and to 
work gradually toward the outer edge. In the approach shown in Fig. 
3-65, the initial opening is made above the bony section of the partition 
by means of a wheel-shaped drill about 0.6 mm in diameter, rotating 
clockwise and with its axis of rotation placed at right angles to the canal. 
After the exact orientation is obtained, the grinding proceeds longitudi- 
nally along the canal. Care is especially important when the grinding 
begins at the apex, because Reissner's membrane is easily injured there. 
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Fro. 3-7. A mechanism for opening the cochlea on both sides of the basilar membrane. 


With sufficient practice the technique of drilling can be developed to 
the point where the bone does not chip off and all the ground surfaces 
are clean. 

Another way to prevent separation of the membranous lining from the 
bone is to use a cylindrical grindstone that is guided along the scala 
tympani as in Fig. 3-6¢. This proved to be difficult as a freehand oper- 
ation, so that the apparatus illustrated in Fig. 3-7 was used. i 

The device is supported on a base plate with a circular opening. On 
either side of the plate are two flat rings screwed to each other and 
capable of adjustment in the circular opening. The mounting ring con- 
taining the specimen is screwed into the center of one of the flat rings. 
At the back edge of the base plate is mounted a brass block that can be 
moved around an axis A, and whose angle with the base plate is regulated 
by the height-adjusting screw. Attached to this first block by means of 
two tabs and a pin is a second brass block that holds the dental drill. 
The pin acts as a hinge so that the drill can be raised out of its normal 
setting at any time to examine the spot being drilled. If the pin is 
removed and reinserted in hole No. 2, the drill can be shifted to a position, 
indicated by the dotted lines in Fig. 3-7, which is the mirror image of its 
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previous one. This allows the specimen to be drilled from below at a 
spot exactly corresponding to the previous point. The difference in 
height between the two drill positions is adjusted by a small serew on the 
brass block, and the residual thickness of the specimen ean be determined 
in the same operation. This method makes it easy to open the canals 
on both sides of the basilar membrane. For this operation the petrous 
bones are cemented with gypsum into the interchangeable mounting 
rings to be seen in Fig. 3-7. For drilling from below, the base plate is 
turned over. i Y 
Because the work had to be done under water, the entire apparatus 
was set diagonally into a water bath and in this way was brought under 
the microscope. Figure 3-8 is a photograph of the bath. The hase 


Fig. 3-8, Grinding mechanism in place in a water bath. 


plate is set on Supports so designed that the plate can be turned under 
water. In the far corner of the bath is the adjustable discharge tube, 
which permits regulation of the depth of the liquid. In the glass dish 
shown outside the bath can be seen one of the mounting rings with a 
second petrous bone cemented into it. For further dissection, the metal 
rings can also be screwed into the hemisphere shown in Fig. 3-4 with the 
help of an adapter, 

After a measurement has been made at some spot on the basilar mem- 
brane, the exact location of the spot in the sharply curved cochlea is 
still a special problem. To solve this problem a number of cochleae 
were opened at the apex and various points along the basilar membrane 
were plotted with the help of a camera lucida. Each point plotted 
represented the center of the most pliable part of the membrane. 
As each section was plotted, the entire cochlea was gradually leveled 
and the projection of the entire membrane on a plane perpendicular 
to the cochlear axis was determined. Figure 3-9 shows the average 
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curve obtained, including the outer edge of the stapes and the middle 
of the helicotrema, the latter indieated by a circle. 

If a measurement is made of the vertical pitch of the several turns from 
cross sections of the cochlea, it becomes apparent that the membrane, 
because of this pitch, is at most only 2 to 3 per cent longer than its 
projection. Therefore, in Fig. 3-9, the length of the curve is also meas- 
ured and entered. The edge of the stapes is taken as zero. From this 
point, the basilar membrane dips sharply below the plane of the drawing, 
so that it appears shortened and would protrude about 1 mm beyond the 
edge of the stapes if it were straightened out. The physical relation- 
ships in this area can be grasped only with difficulty, so that the length 
of the vibrating column of liquid also cannot be measured with great 
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accuracy. The average length of the human basilar membrane is 35 mm 
in all, taking into account its flexion near the stapes. : 
By comparing a particular specimen with this chart, it was possible 
to fix positions in the specimen, especially when the stapes and the 
helicotrema were visible. Sometimes the camera lucida was used in this 
operation. In other experiments only a small section of the canal was 
opened, and only the direction of the canal was known. In this case, 
the direction of the canal is referred to a straight line drawn between the 
helicotrema and the center of the stapes. The angle between these 
two directions is measured under the microscope by substituting for the 
usual eyepiece one carrying a cross hair that can be rotated about a 
circular scale graduated in degrees. From this angle the distance of the 
exposed section from the edge of the stapes can be calculated from the 
graph in Fig. 3-10. This graph was obtained by measuring the directions 
of tangents to the curve in Fig. 3-9. In most cases, it is sufficient to 
bring the chart into the same position as the specimen and to read the 
distance of the point in question from the stapes directly from the 
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numbers on the chart. The chart is for a right ear as seen from the apex, 
and a mirror image of the chart serves for the other ear or direction of 
regard. 

Many of the experiments to be described in later chapters required the 
drilling of holes in the temporal bone. Because individual temporal 
bones differ greatly from one another, it is difficult to drill into the bone 
from the outside to reach a particular point. A method was developed 
to aid in this orientation. A collection was made including bones of a 
great variety of sizes and shapes, from which one could usually be selected 
to match a specimen that was to be prepared. The reference bone was 
opened to disclose the structures of interest, and the new specimen (which 
could not be dissected in this way) was compared with it. To facilitate 
the comparison and to keep the axes in corresponding positions, the bones 
were mounted on a shaft by means of a short rubber tube inserted into 
the external auditory meatus, Sometimes three bones were mounted 
together, as shown in Fig. 3-11. The shafts were coupled by gears so 


^ 


Fro. 3-11. Method of comparing temporal bones, 


that all the specimens. turned together and maintained their relative 
positions, 

Experiments concerned with the movements of the eardrum and ossicu- 
lar chain often required the making of an opening into the external 
auditory meatus or the middle-ear cavity. It was important that these 
openings be made quickly to prevent undue drying of the eardrum. 
Also, there are only a few places where such openings ean be made without 
damage to the various ligaments that hold the ossicular chain, 


be oriented in a particular direction, and a stop is provided to give it a 
certain maximum depth from the pointer, If, for example, the middle 
ear is to be opened, the drill is set at a distance of 1 mm from the pointer. 
The end of the pointer is then located at the middle of the eardrum and 


used to open a hole to the desired depth. 


The drilling is done with a special burr so as to keep the drilling pres- 
sure low, and then the opening is widened with a milling cutter. Because 
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there are no ossicles in the lower half of the tympanic cavity, this opening 
of the middle ear does not do any damage. 

A more effective drilling device consisted of a pair of calipers, with one 
arm stationary and the other free to rotate. A wire pointer was con- 
nected to the end of the fixed arm, and a dental drill was connected to the 


- Fio. 3-12. Pointer device for positioning a dental drill. 


rotating arm. The drill was placed so that when the two arms of the 
calipers were moved together the pointer fitted into the center of the 
drill tip. viva, 
To make an opening at a desired place, as for example at a point in 
the wall of the external meatus, the specimen was fixed in a holder and 
the pointer set on the spot where the hole was to be made, as shown in 
Fig.3-13. A stop was set to determine the depth of drilling, and the arms 


32 INTRODUCTION 


of the calipers were brought together as far as they would go. Some- 
times the drill was shut off automatically by means of a switch that was 
actuated when the stop was reached. 

When openings were made for the placing of glass windows through 
which movements of the middle-ear mechanism could be observed, a 
standard drill was used to give a uniform hole. The hole then could be 
sealed with prefabricated tubes containing glass windows. To keep 
bone dust out of the middle ear, the drilling was carried far enough to 


Fie. 3-14. Drill for work under microscope. The parts are identified in the. text 
penetrate the bone but not the mucous me 
If a tube with a serrated edge was used as the drill, the bone could be 
removed as a plug, and the membrane could be cut out with a knife. 

When it was necessary to make mieroscopic openings in the wall of 
the cochlea, a special drill was used and mounted on the dissecting 
microscope, as shown in Fig. 3-14. The axis of the drill d was located 
midway between the two objectives, and the drill was driven by the motor 
m and two bevel gears b. The whole assembly could be moved « ertically 
in the slide s by means of a lever 1. Its weight was balanced bv a spring 
sp. Lis part of an illuminating device. g: 


mbrane on the inner surface 


CHAPTER 4 


EXPERIMENTAL APPARATUS AND METHODS 


‘This chapter will deal with a number of experimental techniques that 
were developed for the examination and measurement of the vibratory 
movements of auditory structures. 

\ problem of first importance is illumination. Many of the sensory 
structures of the labyrinth of a living animal are nearly transparent and 
immersed in fluid. With ordinary diffuse light little can be seen. In 
this situation a slit lamp can be used with the same success already well 
realized in the examination of the eye. A narrow beam of light brings 
out the boundaries of the cells so that small displacements of the cells 
can be observed. 

Another problem has to do with the microscope. Lateral displacements 
can easily be observed, but displacements along the axis of view are 
difficult. to evaluate even with a stereoscopic microscope. To meet this 
problem a microscope was constructed in which the third dimension was 
exaggerated. This instrument proved to be particularly useful in observ- 
ing the perforation of a thin membrane by an electrode. 

Vibratory movements are most readily observed by means of a strobo- 
scope. This instrument can be adjusted so that the vibrations seem to 
occur at a rate of 1 eps regardless of the actual vibratory rates. Also, a 
special form of stroboscope has been designed to give measurements of 
phase differences in the movements of different parts of the auditory 
mechanism. , 

For the surgical preparation of the ear three different types of manipu- 
lators were developed. For preliminary surgical exposures a finger rest 
was satisfactory. For finer dissections a micromanipulator with four 
degrees of freedom was used. This instrument permitted the making 
of carving movements in which the tip of the tool was not only displaced 
in space but rotated at the same time. Only in this way may membranes 
be separated from one another. For the most delicate procedures, such 
as the introduction of a micropipette into a cell, an air-driven micro- 
manipulator was employed. An air-driven instrument was necessary 
because any manual contact with the preparation produced intolerable 
disturbances, 

It was desirable for theoretical reasons to obtain numerical values for 
the impedance of the basilar membrane. For this purpose a test needle 
was made that could record forces as small as 1 dyne. It was mounted 
on the objective of a microscope and was moved into contact with the 
tissues by means of the focusing screw. Its first contact with the basilar 
membrane was observed on the screen of an oscilloscope. Then the 
needle was moved down 1 u farther, and a measurement was made of the 
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resulting increase in pressure on the tip of the needle. The ratio between 
the pressure inerease and the movement gives the mechanical impedance 
for this deformation. It was easy to prove that the elasticity of the 
basilar membrane of a guinea pig did not change when the guinea pig 
was killed, and that it remained within a few per cent of its normal value 
for several hours after death. 

This constaney in mechanical properties 
was not found for the eardrum. If no pre- 
cautions are taken this membrane dries out 


' in a few hours after death and its stiffness 
7— Condenser increases. 
A capacitative pickup was used to measure 


e the vibration of various parts of the car. 
Slit This instrument was made small enough to 
record the vibrations of the different regions 
of the eardrum. 

Special problems arose in the study of 
hearing for tones below 10 eps. In this region, 
the ear's sensitivity increases so rapidly with 
the frequency that overtones are particular! y 
disturbing. After many failures to produce 
suitable electric filters, a simple mechanical 
filter was developed. This filter consisted of 
a horizontal glass tube containing a few 
drops of mercury at appropriate intervals. 

By the use of automatic anatomical 
techniques it was often possible to make a 
WAS, preparation of the temporal bone in as little 
objective a8 10 min, but it always took a long time to 

make measurements for a series of many 
De Specimen individual frequencies, and during this time 

Fra. 4-1, Design for a slit numerous changes could occur, "Therefore 
lamp. the shock method was used, in which the 

i j iransients of the system were measured on 
stimulating with a sharp click, From the nature of these transients the 
response of the system to sinusoidal vibrations ean be calculated. This 
method later proved to be useful also in the study of bridges. It is 
usually impractical to construct a mechanical oscillator with sufficient 
energy to set a bridge into sinusoidal vibrations at different frequencies, 
but it is easy to set off a small charge of explosive near the bridge and to 
measure its transient responses. 


j MM various instruments and procedures will now be described in 
etail. 


THE SLIT LAMP* 


The cochlear partition of a living animal is almost wholly transparent, 
so that only the bony parts of the wall are visible when diffuse illumination 
or & broad beam of light is used. Much more suitable is the slit lamp 


* Extract from Art. 67 as listed in the Author's Bibliography. Published in 1953. 
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shown in Fig. 4-1, which is similar to the type introduced into ophthal- 
mology by Gullstrand. The image of the filament of an incandescent lamp 
is projected by a condenser in the plane of a microscope objective in 
order to provide a high light intensity. The microscope objective pro- 
jects the slit onto the object. A flat beam of light, about 0.005 mm thick, 
is satisfactory. 

Although the problem of illumination is similar, the fact that the 
white bony walls of the cochlea reflect light makes observations of the 


cochlea more difficult than observations of the eye. The outline of the 
image can sometimes be made more distinct by the use of a vital stain. 
For a general view of the partition, it is best to concentrate the light 
beam on the thin bony wall, thus providing diffuse illumination in the 
canals from the inside. It is convenient to mount the microscope objec- 
tive on a swivel so that the beam can be directed to the best position by 
a delicate movement of the finger tips. 

A Leitz water-immersion objective with a magnification of seven times 
was often used as the projection lens. 


Fig, 4-2, A stereoscopic microscope with exaggerated depth. The cover was removed 
to show the arrangement of the prisms. 


A MICROSCOPE WITH EXAGGERATED DEPTH* 


It is difficult to judge the exact position of the tip of a micropipette 
inside the organ of Corti because the translucent structure does not give 


* Not previously published. 
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suitable points of reference. An improvement in the third dimension 
provided by a stereoscopic microscope can be obtained by increasing the 
angle between the two objectives. This angle can be made about twice 
as large as the normal angle of view, and after a certain amount of 
training the images can be fused. The arrangement is shown in Fig. 4-2. 
As indicated, prisms and mirrors are used to keep the image about 25 cm 
from the oculars. Screws are provided on the tops of the objectives 
to permit a proper adjustment of the relative position of the images in 
both horizontal directions. A small light is mounted on each objective 
and adjusted so that the two images are about equally bright. 

This system produces a noticeable 
increase in the sensation of depth. The 
Hond screw height of the organ of Corti seems much 
increased, so that the position of an elec- 
zd trode tip relative to the cells can be ob- 
served more precisely. In some instances, 
this instrument, provided the only means 
of determining whether one of the mem- 
branes of the organ of Corti had been 
penetrated by an electrode that was slowly 
moved downward. 


Screw head 


N 
N 
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FOCUSING THE MICROSCOPE* 


Use of the focusing screw of the micro- 
scope in the usual way becomes extremely 
fatiguing in surgical procedures that 
require 2 hr or more to carry out. As a 
convenient accessory, a lever about 30 em 

Lever long can be attached to this screw in the 

manner shown in Fig. 4-3. The cap is 

pene ame PY Hired over the knurled hand screw with 

. 4-3. ner o ing a a thin piece of leather between to prevent 

bé bol focusing screw of the any marring of the finish. An angle 

piece is fitted to a short shaft on the cap 

and makes a connection to the lever. A screwhead is used to lock the 
angle piece in any desired position on the cap. 

This lever can easily be moved with the elbow. A somewhat different 
device was designed to permit focusing by movements of the foot. For 
this purpose the microscope is equipped with a rack-and-pinion drive in 
addition to the usual one, and its knob is connected to a flexible shaft. 
The other end of this shaft leads to a spur gear that is driven by a rack 
attached to a treadle. The microscope is partly supported on a compres- 
sion spring contained in a tube, so as to reduce its weight and give a 
smooth movement. These arrangements are advantageous, not only 
because they reduce fatigue, but also because they leave both hands free 
for the surgical dissections. 

* Extract from Art. 61 as listed in the Author's Bibliography. Published in 1951. 
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STROBOSCOPIC ILLUMINATION* 


The observation of a periodically moving object (such as one of the 
auditory ossicles or some part of the inner ear) is greatly facilitated by the 
use of a stroboscope. It is most convenient if the flashes of illumination 
are given a frequency that differs from the frequency of the motion by 
1 cps, for then the object will seem to vibrate at this difference frequency 
and its movements can be studied in detail. 

With most stroboscopes the frequency is not stable and the observed 
motion is varying, so that frequent readjustments of the stroboscopic 
frequency are required. To avoid such adjustments, an arrangement was 
set up for automatie maintenance of the stroboscopie frequency at a 
constant difference (say, 1 eps) from the frequency of the object under 
examination, With this arrangement it is possible to make continuous 


Power amplifier 
Oscillator for the beat frequency 


Phase -shiffei Clipper Differentiotor Rectifier 


Affenuator 
Fic. 4-4. Schematic circuit for the automatic stroboscope. 


Loudspeoker 
ZZ 


observations of an object while its frequency of vibration is swept 
through a broad range. 7 xim 

The circuit arrangement for obtaining this result is shown in Fig. 4-4. 
A master oscillator is connected through an attenuator to à loudspeaker 
(or vibrator) leading to the animal's ear. The same oscillator is con- 
nected to a phase shifter, and then to a clipper that distorts the sinusoidal 
voltage into a trapezoid. This wave is then differentiated, producing 
two rectangular pulses. The length of these pulses can be altered by 
varying the amplitude of the sinusoidal voltage fed to the clipper. A 
rectifier then removes one of the pulses, and the remaining one is amplified 
to 2000 volts and fed into a high-pressure mercury-are lamp. To ignite 
the lamp, the reetifier pulse is amplified separately and led into a shock 
coil to produce a sharp spike on a free-ending wire near the wall of the 
mercury lamp. This spike is given a voltage of the order of 15,000 volts, 
and it triggers even old lamps. The intensity of the light can be adjusted 
by changing the length of the pulses, but in general the length of the duty 
cycle is kept at 2 to 5 per cent. Such a short duty cycle is necessary to 
give a sharp stroboscopic picture. 

The stroboscope was used in the frequency range from 10 to 2000 eps. 


* Extract from Art. 67. 
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Within this range it was possible to make satisfactory observations of 
the organ of Corti. The phase shifter covered 360°, and its settings were 
independent of frequency. Its dial was rotated by a low-frequency 
oscillator, and if given a rotation of 1 per see (360° per sec) the object 
would seem to move at this rate, regardless of the actual driving frequency. 

The master oscillator could be swept through a broad frequency range 
in a few seconds, and so the behavior of a vibrating system could be 
quickly scanned. 


THE PHASE-MEASURING STROBOSCOPE* 


Because many vibrating structures are too delicate to permit their 
loading with any measuring instru- 
ment, an optical method is most 
praetieal for many observations of 
their motion. The following method 
was developed for a study of the 
movements of the cochlear partition 
but is applicable to any moving 
w a object. 
Because the cochlear partition is 
almost transparent in the fresh con- 
: „Time = dition, the visibility of its movement 
ar Mun eee of a Jams Set was improved by strewing small crys- 
S ade Ghinak oh MERE tals of silver over it. Stroboscopie 
illuminated by the flashes of light, Observation showed that these flat 
What is seen is indicated on the right. crystals follow the movements ex- 
In the ue CO € 2 light actly up to the highest frequencies 
nre seen. n iT d EM, : " " A 
phase of the pe Say be aoa investigated. With Droperillumina- 
so that only ne spot is seen, tion of the partition, the observet 
sees a large number of bright, shiny 
dots that spread out into a band when the basilar membrane is set into 
vibration. For accuracy of the measurements the silver erystals may be 
made so small that even when enlarged over a hundred times they appear 
as sharp dots. 

If now the vibrating cochlear partition is illuminated by a regular 
series of light flashes whose frequency is twice that of the frequency of 
vibration, each point will appear doubled, as indieated in Fig. 4-5. The 
distance between the points will depend upon the phase angle between 
the vibration of the membrane and the series of flashes. The separation 
becomes zero, as the lower drawing shows, if the vibrating point is illumi- 
nated just as it passes through the zero position. 

The equipment can be utilized to determine the phase relations 
between two vibratory structures. In a particular application it was 
used to measure the phase difference between the movements of the 
stapes and the resulting movements of the basilar membrane. For this 
purpose both a sinusoidal alternating current and a series of light flashes 

* Extract from Art. 47 as listed in the Author's Bibliography. Published in 1947. 
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of doubled frequeney were produced by the same stroboscopie disk. 
The alternating current was used to activate an electrodynamie vibrator 
that drove the system under observation (in this example, the stapes). 
Then a phase-shifting device was adjusted so that the bright dots on the 
stapes were in coincidence. Finally the basilar membrane was observed 
aud the phase angle was changed until this membrane also was always 
illuminated in its zero position. The difference between the two phase 
settings represents the phase difference between the movements of the 
two coupled structures, the stapes and the basilar membrane. 

Details of the photoelectric siren are shown in Fig. 4-6 (Schouten). 
A source of light Lı gives uniform illumination of a large condenser lens. 
Immediately in front of this lens (and between it and the light) is a 


Phase shifter 


Rotating shutter 


Stroboscope 
openings 


pha Electrodynamic 
vibroting system 


Amplifier 


Fia. 4-6. Arrangement of the phase stroboscope. 


sereen with a sine-shaped opening, and in front of this opening is a 
rotating stroboscopic shutter. The shutter has à very narrow slit so 
placed that, as it moves past the opening, the amount of light striking 
the condenser lens undergoes a precise sinusoidal variation about its 
average value. The condenser lens concentrates the light that passes 
through it upon a photocell, which activates in turn, through an amplifier, 
the eleetrodynamie vibrating system. In order to change the phase of 
the generated alternating current the screen with the sinusoidal opening 
can be turned about the axis of the rotating shutter as shown in Fig. 4-7. 
The angle between two adjacent slits in the shutter corresponds to a 
phase shift of 2r radians. 

The rotating shutter has near its edge some small holes that control 
the stroboscopic illumination supplied by Le. For convenience the light 
beam is directed by means of a totally reflecting prism and is concentrated 
on the preparation with a condenser lens. The exact observation of the 
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coincidence of the two bright dots is made much easier if the successive 
flashes, instead of being white light, are alternately red and green. Then 
the membrane will usually glisten with spots of red and green light, 
which with proper phase setting will add up to white. The exact phase 
setting can be found at which the bright points of light are no longer 
fringed with color. 

In the use of the apparatus, cer- 
tain precautions are necessary. 
There must be no change in the 
direction of the light beam when 
the color changes. Otherwise it 
can easily happen that the two 
colored flashes will not be reflected 
from the crystals of silver with the 
same intensity. If all of the open- 
ings in the stroboscope are equi- 
distant from the axle, this difficulty 
disappears. 

It is also important that the two 


Stroboscope 
openings Phase 
Green shitter 


o| 05 


Red 


Rotating shutter 
with slits 


Fie. 4-7. Detailed view of the rotating 
shutter and window of the phase strobo- 
scope. The phase is altered by an 
angular displacement of the screen con- 
taining the sine-shaped opening. This 
can be done while the disk containing the 


colored beams actually give white 
light when mixed. It is convenient 
to employ as light filters the 
gelatin colors used in the spectacles 
for three-dimensional pictures. A 
further correction can be made if 


slits is rotating. 

the source of light itself is tinted 
one color or another by placing a slide with a suitable filter in front of 
the edge of the lens of the lower light source, as can be seen in Fig. 4-6. 
Such an arrangement removes the last flicker of color. 


MANIPULATORS AND THEIR USES* 


Compared with freehand manipulation, a micromanipulator offers two 
advantages. First, the size of the voluntary movements of the hand is 
reduced, and second, the involuntary trembling of the fingers can be 
reduced or eliminated. As can be seen under a microscope, it is the 
trembling of the tips of the instruments that limits the neatness of the 
operations, 

Preparatory Manipulator. In the sixteenth century, painting was very 
detailed and artists used a “painters stick” as a rest for their hands. 
This tool is a useful one and can be modified to increase its mobility, as 
shown in Fig. 4-8. The two hands rest on a platform parallel to the sur- 
face of the drawing. The left hand holds a screwdriver and the right 
hand a dissecting instrument. The flat surface of the screwdriver is 
inclined slightly, so that the point of its tip farthest to the right touches 
the flat horizontal supporting surface and can be used as a fixed rotat- 
ing point. By rotating the screwdriver around its longitudinal axis, it 

* Extract from Art. 77 as listed in the Author's Bibliography. Published in 1956. 
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is possible to lift or lower the tip of the dissecting tool from the flat 
surface in a delicate way. A lateral displacement of the left hand dis- 
places the top of the dissecting tool laterally in the plane of the draw- 
ing. The resulting movement of the dissecting tool is reduced accord- 
ing to the distance between the fixed rotating point of the screwdriver 


Rotating point 


Fra. 4-8. Use of a screwdriver as an aid to freehand dissection. 


and the resting point of the dissecting instrument on the screwdriver. 
Movements in two dimensions are obtained in this way. Movement in 
the third dimension is obtained by sliding the dissecting instrument along 
the edge of the screwdriver or displacing the right hand as a whole in 
the plane of the drawing. In this case the movements are again reduced 
by a lever action. If the dissecting 

instrument is a needle, a slight rota- 

tion around its axis rolls the tip wjeroscope 

along the edge of the serewdriver. 

The flat handrest parallel to the 
surface of the drawing is adequate Handresr 
for preparations with a horizontal 
surface. For an inclined surface 
the setup in Fig. 4-9 is used. The 
object under study is placed on the 
left side under the microscope ob- 
jectives. The handrest for the right 
hand is curved down and has along 
its edge a groove in which the 
screwdriver tip can be placed so 
that any point along the groove 
represents the rotating point. The pi 4-9. A setup for manipulations on an 
left hand has a separate handrest inclined surface. 
not shown in the figure. ) 

This last setup has been used for operations on the cochlea and the 
brain of guinea pigs. The stereoscopic microscope used in this work had 
a magnification of 150 times. jugo 

This preparatory manipulator has proved indispensable for the pre- 
liminary preparation of anatomical specimens. It has filled the difficult 
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gap between freehand operations and final adjustments with more com- 
plicated micromanipulators, in spite of the fact that only one hand is 
free to operate. 

The instruments were held in a pin vise to facilitate their exchange. 
All the instruments and the pin vises were of exactly the same length, 
so that the position of each instrument relative to the fingers was always 
the same. The handrest was also formed so that the hand always fell 
in the same position, and it was easy to bring the tip of the dissecting 
instruments immediately into the field of the microscope. 

Micromanipulator with Four Degrees of Freedom. Most mieromanipu- 
lators have three degrees of freedom in their motion. This means tha! 
the needle can be placed at any point in space, but it cannot be rotated 
Although these manipulators are appropriate for operations on a plane 


= X dd 


Fra. 4-10. For work on a spherical surface a micromanipulator with five degrees of 
freedom is called. for. "This requirement can be met with four degrees of freedom in 
each of two specially shaped instruments, one for each half of the sphere, 


surface, unfortunately most surfaces of living tissues are bulged in con- 
vex or coneave fashion, like the hemisphere shown in Fig. 4-10. In 
order to perform an operation on such a surface it is necessary to bring 
the point of the instrument in contact with a point on the sphere. Then, 
if the needle is to approach the surface of the sphere from any desired 
angle, the instrument must be capable of rotation in two additional 
planes so that it will remain normal to the surface. This means that 
an ideal micromanipulator should have five degrees of freedom. 

Practical experience has shown that the problem can be simplified by 
using two differently shaped needles, one for the left (see MeClung on 
the reflex type) and one for the right side of the sphere, thereby avoid- 
ing the rotation of the instrument in the plane of the drawing. This 
step allows us to accomplish our purpose with only four degrees of 
freedom, with a consequent simplification in the construction of the 
manipulator. 
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A mieromanipulator with four degrees of freedom is shown in Fig. 4-11. 
It permits a displacement of the tip of the needle in three orthogonal 
direetions, plus a rotation of the needle around the axis of the stem. 
The manipulator consists of a flat disk 1 gliding in a supporting ring 2. 


A tube 3 is inserted perpendicular to the center of the disk. A second 
tube 4 glides eoaxially with tube 3, and contains the pencillike handle 5 
of the instrument, which can be fixed to tube 4 by means of lock 6. The 
surfaces between disk 1 and supporting ring 2 and tubes 3 and 4 are 


covered with a sticky fluid of high viscosity. Two rings 8 prevent the 
viscous fluid from leaking out. Pressure of the finger tips on knob 7 
toward the tip of the needle will make tube 4 glide in tube 3.  Displace- 
ments perpendicular to the axis of the handle are allowed by the gliding 
of disk 1 in supporting ring 2. 


Fic. 4-11. A micromanipulator of the viscous type with four degrees of freedom. 
Provided are three displacements in the space coordinates and a rotation around the 


axis of the handle. 


This micromanipulator is a pure viscous-type manipulator. That is 
to say, a constant pressure on the handle produces a constant velocity 
of motion so that the magnitude of the resultant displacement is deter- 
mined by the product of the pressure and the time of action. By using 
fluids with high viscosity the size of the needle displacement can be con- 
trolled at a small value. The viscous fluid is flypaper glue consisting of 
l oz of castor oil and 2 oz of rosin mixed while warm. The viscosity 
depends upon the proportion of rosin in the mixture.* It is best if the 
whole microscope stand is kept at a constant temperature by a thermo- 
stat so that changes in room temperature do not affect the viscous forces. 

The operating tools are made in the form of an aluminum pencillike 
tube 5 and are easily interehangeable with the help of lock 6. This can 
be done with one hand by holding knob 7 with the palm of the hand 
and at the same time rotating lock 6 with the forefinger and thumb. A 
detailed view of the lock is shown in Fig. 4-12. To fix the tool in the 
manipulator, pin 9 is slid into slit 10 and ring 6 is turned so that the pin 
IS pressed against ring 8 by the spiral spring attached to ring 6. 

A micromanipulator with these four degrees of freedom controlled by 


.* Nowadays silicone would be used, as it has a lower temperature coefficient of 
Viscosity. 
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Fig. 4-15. Spherical micromanipulator with a lever type of longitudinal displacement. 
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FiG. 4-16. The air-driven micromanipulator. A turbine attached to a reducing gear 
produces lateral displacements of the manipulator rod, which can be read on an 
indicator. 
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weight, the handle shown in Fig. 4-14 has a tendency to slide downward 
very slowly. To prevent this, the device shown in Fig. 4-15 has been 
provided to lock it in position. In the locked position, spring 26 presses 
fork 25 against disk 13. Raising handle 24 lifts the spring and releases 
the lock. 

l'he coarse adjustment of the micromanipulator is obtained by perma- 
nently attaching handle 12 to the tube of the microscope objective in 


AN 


Fra, 4-17, Photograph of the manipulator. Note that two nozzles are provided, for 


forward and reverse motions. 


Such a way that the tip of the operating instrument moves in the middle 
of the focused field of view of the microscope. [ 

Air-driven Micromanipulator. For extremely delicate movements a 
motor-driven manipulator is superior to a micromanipulator in which 
the hand is used to produce the displacements because motor-driven 
movements are much smoother. The micromanipulator to be described 
is controlled by two switches, each with three positions. The first 
switch moves the manipulator up or down or holds it without movement. 
The second switch controls movements to the right and left. i 

A small air-jet turbine is used as a motor. The wheel of the turbine 
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is made from an aluminum sheet 0.1 mm thick and is carefully centered 
dynamically so that the turbine does not produce vibrations. As shown 
in Fig. 4-16, the turbine is connected to a reduction case and a microm- 
eter screw so that 25,000 rotations of the turbine produce a 1-mm dis- 
placement of the manipulator tip. The size of the displacements can 
be measured on a displacement indicator, and backlash is eliminated by 
using a spring as the rotating axis of the manipulator rod. 

For coarse adjustments a handle rotates gear 1 which engages gear 2 
and rotates the whole reduction case and with it the micrometer screw. 


Fig. 4-18. Arrangement of two mechanisms to obtain vertical as well as horizontal 
displacements. The long arm and thumbscrew to the right is the coarse adjustment 
for vertical movements. 


The micrometer screw is made to move with the case because the large 
gear reduction would make it necessary to exert a great force in order 
to rotate the screw relative to the case if the force were applied to the 
screw. But a small stream applied to the turbine is sufficient to rotate 
the screw relative to the case, as in this situation the speed is reduced 
and the forces are correspondingly increased. 

When vertical displacements are needed also, a second mechanism is 
used to operate a rack-and-pinion movement that carries the first mecha- 
nism, as shown in Fig. 4-17. Figure 4-18 gives another view of this 
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arrangement. Note that two nozzles are provided to give forward and 
reverse motion. 

The motor-driven apparatus has the following advantages: (1) The 
automatic drive leaves the hands free during movements of the manip- 
ulator. (2) As there is no need to touch the manipulator, vibrations are 
avoided. (3) The movements obtained can be read on a scale. (4) The 
manipulator can be controlled from another room. (5) It is possible to 
have all the movements of the manipulator completely automatic, in 
accordance with a predetermined program. 

In order to render the manipulator automatic, the program of move- 
ments can be presented in the form of a perforated paper tape similar 
to that used in telegraphy. The tape is moved at a given speed along a 
set of feeler pins that activate a magnetic valve (shown in Fig. 4-19). 


Magnetic valve Progrom - timer 


To the turbine 


a > Paper tope with 
perforations 


Feeler-pin for the 
perforations 


Fie. 4-19. Method of programming of manipulations. 


Four such valves conduct compressed air to the four jets at predeter- 
mined time intervals, thereby carrying out a series of movements in two 
dimensions, 

Both of these manipulators have been used in investigations of the 


organ of Corti. 


EQUIPMENT FOR PRODUCING A KNOWN DISPLACEMENT AND 
PRESSURE ON THE COCHLEAR PARTITION* 


For measuring the pressure applied by a needle to the cochlear parti- 
tion a mechano-eleetronie transducer tube (RCA 5734) has been used. 
A long lever is soldered to the movable arm of the tube, as shown in 
Fig. 4-20, and a stimulating needle n is attached to this lever. A rota- 
tion of the lever in the plane of the figure changes the position of the 
grid of the tube relative to the anode and causes a change in the anode 
current. The lever / has two symmetrical arms a extending around the 
tube. The mass of these arms is adjusted so that the center of gravity 
of the needle and lever coincides with the point of rotation of the movable 
arm of the tube. Therefore vertical displacements of the tube and lever 
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system do not produce any rotation and hence produce no change in the 
anode current in spite of the fact that the tube is sensitive to vertical 
pressures on the tip of the needle. This makes it possible to mount the 
whole system on a vibrating table, which can be set into vertical motion 
by the electromagnetic unit Z. To ensure a movement free of rotation 
a flat, triangular spring S is used. The spring is fixed at its center to 
the holder H by means of a screw with a hole through it. A rod from 
the electromagnetie unit extends through this hole to transmit the vibra- 
tion to the plate P on which the tube is mounted. 


"ra. 4-21 À i i 
Fio. 4-20. Apparatus for producing a known displacement and pressure. 


The electromagnetic unit was used to produce small displacements of 
the tube of known amplitude. It was established by special measure- 
ments that the stiffness of the point of the needle for vertical displace- 
ments was at least ten times that of the cochlear partition. Conse- 
quently, the vertical displacement of the needle point when pressing on 
the cochlear partition will be the same as that of the tube, with a toler- 
ance of 10 per cent. 

Because an extremely thin wire was used as the end portion of the 
needle n, a displacement of the tube in the horizontal plane produced 
microphonies that were no larger than 10 per cent of the vertical dis- 
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placement. A lateral pressure on the needle point was not registered by 
the tube. 

The system was calibrated with a spring of known stiffness, so that 
the pressure at the tip of the needle could be read in dynes on an oscillo- 
scope. A slide S; served to attach the whole equipment to a microscope. 

This equipment indicates the pressure changes produced by given dis- 
placements and therefore gives measurements of mechanical impedance. 


MEASUREMENT OF THE VIBRATORY AMPLITUDE OFA 
SOLID OBJECT* 


Particular difficulties are encountered in measuring the vibratory 
amplitudes of a solid object, such as the body of a violin, the sounding 


probe 


~ Loudspeoker 
coll 

Stee/ wires 
Fic. 4-21. The vibrating probe. 


board of a piano, or a loudspeaker diaphragm, because loading the object 
with ordinary kinds of measuring apparatus produces a significant change 
in the nature of the vibration. A method was devised to overcome these 
difficulties, 

If a vibrating probe is used to make contact with a vibrating object, 
then usually the vibration of both probe and object will be altered. 
This will not happen, however, if the vibrations of the probe are given 
exactly the same frequency, amplitude, and phase as the vibrating 
object. Then, provided that the elastic limits of object and probe are 
not exceeded, the two vibrations simply coexist and the application of 
the probe has no effect except to alter the position of static equilibrium 
of the two bodies. 

Therefore, the vibratory amplitude can be measured at any point by 
adjusting the amplitude and phase of the probe until a contact with the 
object has no effect upon the vibrations of the probe. 

The probe is shown in Fig. 4-21. It consists of a thin metal rod con- 
nected to an eleetrodynamie loudspeaker coil by means of six fine steel 
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wires. The mounting is such that the rod can be displaced only along 
its longitudinal axis. 

Any alteration of the manner of vibration of the probe produces a 
change in the impedance of the electrodynamic driving system, and this 
change is easily observed by means of an a-c bridge (see also Gerlach). 
The complete circuit is shown in Fig. 4-22. The bridge is formed by the 
two coils of the transformer through which the energizing current is 
applied, the electrodynamic coil, and a variable arm consisting of resist- 
ance R and inductance L. The detector consists of an amplifier fol- 
lowed by a filter and then by a loudspeaker unit working into a pair of 
stethoscope tubes. 

The bridge is balanced, with the probe free of any contact, by adjust- 
ing R and L for a minimum of tone as heard in the stethoscope tubes. 


x 4-22. Bridge circuit used with a probe for the measurement of amplitude and 
phase. 


Then the least contact with the probe, as with a thread or hair, will 
easily be noted as a reappearance of the tone. 

'The vibratory amplitude of the probe is adjusted by means of atten- 
uator bs. By a choice of high-grade steel wires for the suspension of the 
coil, it is possible to obtain a satisfactory degree of constancy of the 
impedance of this coil when it is not loaded. Its impedance can be kept 
within 0.5 per cent even when its amplitude of vibration is varied up 
to 0.05 mm. Accordingly, only minor adjustments of the bridge are 
necessary to keep it in balance after changes are made in the setting of 
attenuator by. Likewise, the proportionality between the bridge current 
and the vibratory amplitude is maintained with the same precision. 

Because of this constancy of operation, it is possible to calibrate the 
probe by adjusting it for large amplitudes and measuring these ampli- 
tudes with a mierescope. Smaller amplitudes are then obtained by use 
of the attenuator. : 

The vibrating body that is to be investigated, such as the violincello 
illustrated in Fig. 4-22, is driven by the electrodynamic vibrator con- 
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trolled by attenuator bı. This vibrator may be applied to one of the 
strings or to the bridge of the instrument. 

The stethoscope tubes in the ears are helpful in balancing the bridge, 
because they reduce the disturbing sounds radiated into the air by the 
instrument. 

By means of the phase shifter and attenuator b» it is easy to show that 
the making of the contact with the vibrating body does not itself dis- 
turb the minimum of the bridge. There is only a noise at the moment 
of contact, which is likewise present when no alternating current is 
passed through the bridge. With a four-stage amplifier and proper 
shielding of the bridge (not shown in the figure), amplitudes as small as 
107* mm can be measured within 1 or 2 per cent. 

To determine contours of equal amplitudes over the surface of the 
vibrating object it is only necessary to keep attenuator b» constant and 
to move the probe about so as to maintain the balance of the bridge, 
and with phase adjustments as required. In this manner the contours 
can be worked out in a few minutes. Also, because the probe can be 
calibrated directly in millimeters, a contour can be determined for any 
desired amplitude. The same is true for phase. For the phase shifter, 
à resistance-capacity bridge was used. 

For low frequencies the listening with the stethoscope is made more 
effective if the filter is followed by a chopper. Also, a sensitive vacuum- 
tube voltmeter may be used instead of listening, especially if the vibrat- 
ing object produces a strong sound field. 

By this method, the vibratory patterns of paper or rubber diaphragms 
can be measured, especially if the probe is given a blunt end of about 
0.5 em in diameter. Such a broad contact reduces the disturbances that 
would be produced by deviations from a truly perpendieular placement 
of the probe. 


CAPACITATIVE PROBE FOR THE MEASUREMENT 
OF VIBRATORY AMPLITUDES* 


The vibrating probe method just described has certain limitations. 
It cannot be used for measuring the vibrations of very small objects, 
or objeets so delicate that they cannot even be touched without damag- 
ing them or modifying their action, such as the eardrum or the basilar 
membrane. For such situations Backhaus (1,2) developed a method in 
Which a piece of metal foil is attached to the vibrating surface and a sec- 
ond fixed electrode is placed a short distance away. These two con- 
dueting surfaces then form the plates of à condenser, and when one 
plate is vibrating the variations in capacity give a measure of the vibra- 
tory amplitude. 

The magnitude of the capacitative variations depends upon the mean 
distance between the two conducting surfaces, and therefore it is neces- 
sary to control this distance. This is done by measuring the mean capac- 
ity of the condenser. The capacity of the condenser and its variations 
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can be measured by using this probe condenser as a part of a high-fre- 
quency oscillator. The mean frequency of the oscillator then gives the 
value of the capacity, and at the same time the frequency modulation 
gives a measure of the vibratory amplitude of one of the condenser plates. 
By using the method of the half-resonance curve developed by Rieger 
the frequency modulation can be transformed into an amplitude modula- 
tion. A simple rectifier can be used to transform the amplitude modula- 
tions into a low-frequency alternating current, which is a measure of the 
mechanical vibratory amplitude. 

This method has the drawback that when the electrode surface is made 
small the amplitude of modulation is correspondingly reduced, and 
hence the sensitivity is impaired. Therefore a circuit was looked for that 
would make the amplitude of modulation independent of the size of the 
electrode surface. 

Such a circuit is shown in Fig. 4-23. The probe capacitance C is 
measured in terms of the alternating voltage across the resistance R, 

when from a source G a current of 
Ji 100,000 eps is passed through 7 and 
/ the condenser C. When the impedance 
of C is much greater than that of R, the 
A voltage across R is a measure of the im- 
pedance of C, provided that the generator 
voltage is kept constant. A change in 
the separation of the electrodes always 
produces the same percentage change of 
M and impedanee, independently 
A of the size of the electrode surface. 
E en paige of the Hence the amplitude of modulation is 
pg independent of electrode size, A reduc- 
tion in the size of the electrodes will make the carrier current smaller, 
but this can be compensated for by increasing AR and increasing the 
subsequent amplification, Satisfactory measurements can be made 
with electrodes as small as 1 mm in diameter. It is only necessary that 
the probe electrode be carefully shielded, so that the currents through R 
shall be limited to those also passing through C. 

The complete cireuit is shown in Fig. 4-24. "The first Stage of the 
amplifier is double-shielded, and the 100,000-cps generator is connected 
between outer and inner shields. The capacity between these shields 
merely loads the generator and does not produce a current in resist- 
ance R. However, the stray field at the tip of the probe between outer 
and inner shields produces a small current in R. When the tip of the 
probe approaches an object, the stray voltage between the two shields 
is increased, producing a greater carrier current through C and R. This 
carrier current, modulated by the vibrations of the object, is transmitted 
inductively through slits eut in the two shields to the second amplifier 
stage and to a rectifier. The potentiometer P permits adjustment for the 
different values of carrier current arising from different sizes of electrode 
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surface. The rectifier is followed by a low-pass filter and a low-frequency 
amplifier, and finally by an a-c meter. 

In making the measurements, the probe is made to approach the 
vibrating object until the plate current of the rectifier tube reaches a 
certain value, which represents a particular distance. Then, on the basis 
of a previous calibration, the vibratory amplitude can be determined 
from the reading of the a-c meter. The calibration is made by bringing 
the end of the probe close to a vibrator (see page 51) whose vibratory 
amplitude is great enough to be measured microscopically. 

With an electrode of 1 mm diameter and a distance from the object 
of 0.5 mm it is possible to measure amplitudes as small as 10-* em. The 
sensitivity is limited by tube noise and also by irregularities in the out- 
put of the high-frequency generator, which after rectification appear as 


100,000 cps 


Fia. 4-24. Electrical circuit of the capacitative probe. 


noise, Apparently also any alternating current flowing through a resist- 
ance is modulated to some degree (see Bernamont, Brillouin). i 

The probe is shown in greater detail in Fig. 4-25. A copper wire, 
flattened somewhat at the end, serves as the probe tip. Over this wire 
is pushed a thin catheter tube, and this tube is covered with aluminum 
foil held in place by winding with fine silk thread and painting with 
bakelite varnish. A second foil and varnish layer enclose the first. As 
the figure shows, these foils end at different places at the proximal end 
of the probe so as to connect each with its proper shield. Because most 
physiological measurements are made in deep cavities, the probe is bent 
at the end so that its position can be observed from one side with a head 
mirror. 

The mechanical damping afforded by the layers of varnish prevents 
resonant vibrations of the probe. It is possible to glue the probe to the 
preparation so that undesirable movements between the two are avoided. 
In physiological studies in which the surfaces to be studied are usually 
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moist, it is well to coat the end of the probe with a water-repellent var- 
nish, so that contact with the wet surface has no bad effects. 

In experiments the probe proved satisfactory for practical use, for its 
sensitivity changed only 10 per cent when its angle of application to the 
surface varied as much as 30° from the vertical, provided that the tip 
was no closer to the surface than its own radius (about 1 mm). There- 
fore it is not necessary to use special care in its placement, but only to 
maintain the carrier current at a constant value. 

Often over a surface there are abrupt changes in vibratory amplitude, 
as shown for example at the nodes of vibration of a membrane. There- 
fore it is important to determine to what extent the readings are affected 
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Fi, 4-25. Details of the probe tip. 


by the vibrations of areas Surrounding the probe and not immediately in 
front of it. i 
For this determination, the probe was mounted vertically above a 
smooth, flat metal plate, and a series of metal disks of uniform thickness 
but varying diameter were placed on the plate and concentric with the 
probe. Readings were made of the variations in the carrier current as a 


probe tip to 3.5 times this diameter. Figure 4-26 shows that when the 
distance of the probe from the vibrating surface is one-half the diameter 
of the tip the effect is practically restricted to that immediately under 
the tip. An increase of the vibrating area by 50 per cent over this 
amount produces only a 9 per cent rise in the reading, and a further 
increase produces only a 13 per cent rise, When the distance between 
the probe and the vibrating surface is greater, there is a significant 
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enlargement of the effective area. Therefore for practical measurements 
the distance is adjusted to half the diameter of the probe tip. 
Measurements by this method do not always require that a metal foil 
be attached to the vibrating body. The Stray capacity between the 
probe tip and the grounded outer shield is altered by a close approach 
to any material whose dielectric constant is greater than that of air. 
Thus it is possible without any special provisions to measure the vibra- 
tory amplitude of insulating materials, To investigate this variation of 
the method, a number of thick plates of various insulating substances 
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Fia. 4-26. Effect of the size of the vibrating surface. S = distance of the probe from 
the vibrating surface; D = diameter of the probe. 


Were glued to a vibrator and the effects observed with the probe in com- 
parison with those produced by metal surfaces. In order to keep the 
carrier current constant it becomes necessary to bring the probe closer 
to the surface than is done for metals, The resulting increases in sen- 
sitivity are given for a few substances in Table 4-1. 


TABLE 4-1 
Increase 

Dielectric in sensitivity, 
Material constant per cent 
Metal. . 0 
Woodin Jeti tet 6.8 15 
Bakelite............ 5.4 20 
Trolitul./;2 a wan 2.2 30 


For materials with large dielectric constants the differences are neg- 
ligible. The vibratory amplitudes of thin membranes made of insulat- 
ing materials can be measured, though account must be taken of the 
thickness of the membrane. The amplitude of vibration of loudspeaker 
diaphragms can easily be found, 
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APPARATUS FOR PRODUCING TONES WITH SLOW 
RATES OF ONSET AND DECAY* 


Three systems have been used to produce various rates of onset and 
decay for continuous tones. One of these is presented in Fig. 4-27. A 
resonant circuit formed by inductance L, capacitance C, and resistances 
R, and R: was used to produce onset and decay times that could be 
varied by adjusting resistance Rs. 

To produce long times of onset and decay it is necessary to reduce the 
inherent energy loss of the resonant circuit. This can be done by the 
introduction of feedback from amplifier tube Vs into output tube Vi, 
which is connected to the resonant circuit. The magnitude of the feed- 
back is controlled roughly by potentiometer P. For fine adjustment the 
energy loss in the circuit is reduced until regeneration begins and then 
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Fic. 4-27. Circuit for producing slow onset and decay of tones. 


is increased until the regeneration just ceases. During these adjust- 
ments R» is kept at zero. Now if Fi» is raised in resistance it is possible 
to go from a practically undamped circuit to any desired degree of 
damping. 

If under these conditions a sinusoidal current is suddenly applied from 
generator G it will appear at the output of V with increasing amplitude, 
and then when switched off will die away. 

The resonant cireuit can also be excited by a sudden shock, such as is 
produced by opening switch S; to cause a rapid decrease in the magnet- 
ization of L through its secondary winding. 

For very long times of onset and decay the cireuit shown in Fig. 4-28 
may be used, Here a condenser € is charged or discharged through a 
high resistance R by the battery Vy. The condenser voltage is applied 
to the grids of the tubes V; and V; to control their amplification. By 
this means the amplitude can be changed by a ratio of about 1:50. The 
push-pull amplifiers are carefully balanced, so that a sudden change in 
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the d-c potential of the grids does not produce a click in the transmitted 
tone. 

When only one tone of constant frequency is needed, the equipment 
shown in Fig. 4-29 is used. Here the d-c voltage across a capacitor C 


Ms 


Fig. 4-28. Another circuit for producing slow onset and decay of tones. 


Frc. 4-29. A third circuit for producing a tone with slow onset and decay. 


is interrupted periodically with a tuning-fork vibrator, amplified, and 
then filtered. The condenser is charged and discharged by use of the 
battery and a high series resistance £. The decay time of the condenser 


Voltage is given by 
T =6.9CR (1 = z) 
p. 
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Where p is a high resistance in series with the tuning-fork interrupter. 
To have precise decay time, a mica condenser must be used to prevent 
aftereffects. The whole system was calibrated with automatic reverber- 
ation-measuring equipment. 

In the formula above C is measured in microfarads, R and p in ohms, 
and T in seconds, where the decay time 7 is defined as the time required 
to decrease the amplitude of the vibrations 60 db. This is the definition 
as it is used by Sabine for the decay time in room acoustics. This is a 
physical definition of a decay time; for physiological measurements it is 
sometimes more convenient to measure the time required for the tone 
to become inaudible. Waetzmann used this type of definition. 


PRODUCTION OF SLOW SINUSOIDAL 
VARIATIONS OF AIR PRESSURE* 


The audibility of air-pressure variations of low frequency, such as 
those below 30 eps, is important for auditory theory. Observations on 
anatomical preparations of the human cochlea and experiments with 
models show that for low frequencies the movements of the footplate of 
the stapes produce a lamellar streaming of the fluid, beginning at the 
footplate and then going through the opening of the helicotrema back 
to the round window. In accordance with Poiseuille’s law, the stream- 
ing of the fluid in the two scalae of the cochlea produces a pressure dif- 
ference along the whole length of the basilar membrane. This pressure 
difference is in phase at every point on the membrane and decreases in 
magnitude continuously from the stapedial footplate to the helicotrema. 
It must be assumed that for these low frequencies a mechanical frequency 
analysis in the cochlea does not oceur, and that the auditory phenomena 
produced by slow changes of air pressure must be purely of nervous origin. 
From these observations we obtain a clue to the properties of the auditory 
nervous system, at least in the low-frequency range. 

Because the sensitivity of the ear is much greater at high frequencies 
than at low frequencies it is essential that the sinusoidal variations of air 
pressure be completely free of overtones, for if overtones are present they 
will mask the phenomena to be observed. This high degree of freedom 
from overtones requires special arrangements. 

For this purpose, electric filters are not suitable, for several reasons. 
Such filters capable of carrying large currents at low frequencies are 
cumbersome, and it is difficult to transform pure alternating currents 
into pure variations of air pressure. It is more convenient to produce 
large sinusoidal alr-pressure changes mechanically and to filter them 
mechanically, 

Acoustic filters constructed as analogs of electric filters have the dis- 
advantage that for very low frequencies their dimensi i 
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masses have but one degree of freedom, so that the forces acting on the 
input to the filter can reach the output only in the assumed and calcu- 
lated way. This requirement is sometimes hard to fulfill because of the 
appearance of disturbing vibrations, especially of high frequencies which 
travel as sound waves through the solid bodies and thereby pass around 
the entire filter. A second disturbing effect arises from the fact that 
there may be a change in the form of vibration of one of the masses. 
For example, if a membrane is made to vibrate above its resonance fre- 
quency it begins to vibrate in sections with nodes. "Then the filter cal- 
culations become difficult, particularly when a high degree of damping is 
required in the frequency range concerned. 

It was determined experimentally that throughout the f requency range 
with which we are concerned, between 1 and 10,000 eps, a fluid column 
or a drop of fluid vibrating in a tube acts as a mass with only one degree 
of freedom. 


Filter 


Fia. 4-30. Method of producing pure tones of low frequency. 


A simple low-pass filter, shown in Fig. 4-30, consists of a horizontal 
glass tube in which drops of fluid (water or mercury) are placed at equal 
intervals. The slow sinusoidal changes of air pressure are produced by 
à piston operated by an eccentric wheel. To keep all air-borne sound 
and the vibrations of the piston from entering the observation room, a 
large tube is cemented between the two rooms and a short rubber con- 
nection is used between this tube and the piston. Similar connections 
are made between other parts of the system, as shown in Fig. 4-30. The 
volume displacement of the piston and the pressure chamber V, are so 
large that vibrations of the drop of fluid in the tube do not have any 
effect on the pressure in Vi. Therefore the pressure variations at the 
entrance of the filter are independent of frequency. At the termination 
of the filter is another pressure chamber V2 connected to a membrane 
manometer with a mirror, and also a tube that can be connected to the 
ear, It is desirable that V, be made large enough that vibrations of the 
drops of fluid caused by building vibrations do not produce audible pres- 
Sure changes in the ear. Furthermore, it is important that the rubber 
tubes connecting the pressure chambers and the filter are not so long as 
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to undergo appreciable elongation and compression in response to the 
air-pressure changes, for such action will set up longitudinal vibrations 
of the whole system. 

A diagram of the mechanical filter and also its electrical analog (see 
Hihnle; Firestone, 1) are shown in Fig. 4-30. The capillary forces on 
the drops of fluid are neglected in the analog. If p; is the density, lı 
the length of one drop, and S the cross-sectional area of the tube, the 
mass of the drop corresponds to the inductance L, and L = pl. Capac- 
itance in the filter is produced by the elasticity of the air space between 
two drops, and is given by 


displacement 


2 force 


A volume change dV of a closed air space produces a pressure 
P = pc?dV/V, where V is the volume of the space between the drops, 
p the density of the air, c the velocity of sound in air. If l is the length 
of the air space between the drops, the value of the capacitance is 
C = ls/pc*S. 

The frequency above which the filter does not transmit air-pressure 
changes is given by 


1 
A ENT 
If we substitute the values for mereury, we obtain 
Y 
ll = 1.06 X 10° 7 (4-1) 


from which a simple calculation for the filter network may be made. 
The length of the mercury drop /; should be as small as possible in order 
to minimize frictional force, for as may be seen in the electrical analog, 
any Increase in the resistance r decreases the sharpness of the filter action. 

A mercury-drop filter consisting of five sections was constructed with 
lı = 2.3 em, l = 8.5 em, and an inside diameter for the tube of 0.25 em. 
It was tested by registering photographically the movements of the 
manometer membrane while varying the motor speed continuously over 
à wide range. Results for three frequencies are shown in Fig. 4-31. 
The cutoff frequency as computed from Eq. (4-1) was 23.3 eps. It is 
seen that a fundamental of 13.3 cps is transmitted without loss, while 
its first overtone of 26.6 eps is reduced by 37 db. This Boton corre- 
sponds approximately to that of a three-section electric filter with proper 
impedance matching between input and output, but there is no such 
matching here. x 

In fluid filters also the operation can be improved by proper matching 
of impedances. Here it would be necessary to connect the filter to 
mechanical resistances instead of the pressure chambers V; and V} A 
mechanical resistance can be calculated from the analogous electrical 
impedance. However, it is best that this procedure be omitted for two 
reasons: (1) it is convenient to control the pressure amplitude by vary- 
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ing the size of the chamber, and (2) distortions arise from the funnel 
action at the ends of the capillaries. 

To study this funnel action, V2 was reduced to 10 cu em, the pressure 
changes were given an effective value of 10? dynes per sq cm, and V; 
was connected to the outer room by three different kinds of openings: 
(1) through a small funnel with an opening 0.5 mm in diameter, (2) 
through a capillary 1.5 em long and 0.6 mm in inside diameter, and (3) 


—— = 


13.3 cps 18.7 cps 26.6 cps 


Fig. 4-31. Action of a five-section mercury-drop filter on three different frequencies. 
The amplitudes were equal at the input to the filter. 
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Fra. 4-32. Effects of three types of openings in the volume chamber on the end of the 
filter, 


through a plug of cotton with the same streaming resistance as the capil- 

ty. Figure 4-32 compares the waveforms for the pressure in V, 
obtained by these three arrangements and shows that the cotton plug 
gives the best results. Distortion arises in the funnel because the quan- 
tity of air passing through it is not proportional to the pressure, so that 
there is always too much or too little air in the pressure chamber. The 
distortion is reduced if the chamber is made so large as to minimize this 
error. The distortion produced by the capillary can be reduced also by 
making it so long that the disturbing forces at its ends are small relative 
to the normal Poiseuille frictions, 
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A disadvantage of the straight horizontal filter is that the inside diam- 
eter of the tube cannot be larger than 3 mm, because for larger diam- 
eters the surface tension of the mercury is insufficient to keep the drop 
together when the vibratory amplitude exceeds 1 em. Therefore for large 
volume displacements the apparatus shown in Fig. 4-33 was used, in 
which the filter consists of a series of U tubes. To prevent the transmis- 
sion of vibrations from one U tube to another they are interconnected 
by short pieces of rubber tubing and the whole system is fixed to a large 
mass. 

The analogous electrical circuit is shown in the lower drawing of Fig. 
4-33. If l, represents the volume of air between two mercury columns 
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Fra. 4-33. Above, a mechanical filter using U tubes. Below, its electrical analogy. 


divided by the cross-sectional area S of the tube, we may use the equa- 
tions for the equipment shown in Fig. 4-30. In addition, however, we 
must take into account the effect of gravity on the mercury columns. 
Gravity acts as an elastic force tending to return the mercury to its 
equilibrium position. This elastic force may be represented by the 
capacitance 

_ displacement 1 


C, - 
force 2Spig 


where g is the gravitational constant. 
Such a filter acts as a bandpass filter that transmits frequencies 
between f; and f. The cutoff frequencies are given by the equations 
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In a filter used for a frequency of 7 eps, the inside diameter of the 
tube was 1.8 em, the length of the mercury column was 20.2 em, and 
the length of the air column was 9.6 em. The cutoff frequencies were 
1.6 eps and 7.5 eps. Figure 4-34 shows the filter action for pressure 
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Fra. 4-34, Attenuation curve for a three-section filter with a cutoff frequency of 7 eps. 
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Fic. 4-35. Effects of the 7-cps filter on waveform. 


chambers whose volume was 250 cu cm. Because a larger tube is used 

and the friction of the fluid column is smaller than in the setup of Fig. 

4-30, the filter action is correspondingly greater. a 
To bring out clearly the action of this filter, the pressure variations 
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produced by the pump were made as distorted as possible, as shown in 
the upper curve of Fig. 4-35. The effectiveness of the filter is shown in 
the lower curve of this figure. 


THE THERMOPHONE AS A SOURCE OF LOW-FREQUENCY 
VARIATIONS OF AIR PRESSURE* 


The production of sinusoidal changes of air pressure by mechanical 
means has the disadvantage that a rapid change of frequency or of ampli- 
tude is difficult to make. For this purpose electrical equipment is much 
more convenient and has the further advantage of freedom from dis- 
turbing noise. The main difficulty is in obtaining a satisfactory freedom 
from overtones. In this respect the thermophone is far better than any 
other form of sound generator. The work of Geffeken and Keibs has 
shown that the calibration of this instrument is simple and that it is 
highly stable. 

When changes of sound pressure are produced by a thermophone in 
the usual way, by superimposing an alternating current /ı cos 2zf/ upon 
a direct current To, the energy consumption is represented by the equation 


(Io + 11 cos 2ft)? = Io? + 1411? + 2Ioly cos rft + 4411? cos (2r X 2ft) 


where the last term represents the production of a tone of double fre- 
quency 2f. The relation of this overtone to the fundamental is given by 
(141,/I)F, where F is a factor indicating how much weaker the overtone 
is relative to the fundamental on account of the heat capacity of the con- 
ductive material. This factor is not very closely related to frequency. 
For Wollaston wire and large values of Jy it is about ^4. Hence as long 
as the alternating current is kept small a satisfactory purity can be 
achieved. 

A disadvantage is that the sounds produced are feeble even for large 
currents, and the currents cannot be increased greatly because the con- 
ducting wire will burn out. Besides, it is difficult to produce very slow 
alternating currents that are free of overtones. Therefore another 
method was tried in which two high-frequency currents that were slowly 
beating with one another were sent through the thermophone, and this 
instrument itself was used as a rectifier. Then it is only necessary to 
filter out the high frequencies, which is a much simpler task than low- 
frequency filtering, especially when large energies are involved. 

The thermophone current is given by 


I = I, cos (2mfıt — €) + Ir cos (2zfst — €) 


where Ih, Ts, fi, fa, € and € represent the closely similar amplitudes, 
frequencies, and phases of the two alternating currents. Then / can be 
represented as I = R cos (2xf\t — 0), where 


R? = I? + 12? 21H cos [2r(fi — fat + e — a) 
and @ represents the slowly varying phase angle. From this equation 
* Extract from Art. 22 as listed in the Author's Bibliography. Published in 1936. 
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we obtain 


I? = (I? + 13) + Tis cos [2z(fi — f2t + e — ai] 
+ RH? cos (2m2fıt — 20) (4-2) 


If the frequency of the two beating currents is made sufficiently high, 
then only the slow variations with a frequency of f; — fə are audible, 
irrespective of the relation between the two current amplitudes /; and 
I; These currents also can be made equal, giving a maximum of sound 
production. 

The circuit arrangement is shown in Fig. 4-36. The two oscillators 
G, and Gs, whose frequencies are preferably around 7000 eps, are filtered 
and attenuated and then superimposed in a bridge. When the bridge 
is properly balanced by means of resistance R, there is no interaction 


Membrane 
monometer Wollaston Bross 


Frequency meter 


Fra. 4-36. Thermophone circuit for producing pure low tones. 


between the two oscillators. The beat frequency across R is rectified 
by a vacuum tube and operates a relay that discharges a condenser C at 
the rate of the beats. The resulting current is read on a milliammeter 
and after calibration gives an indication of the beat frequency. The 
potentiometer P is used to set the meter to a standard frequency of 
50 eps. 

The thermophone consists of a bakelite tube closed at one end by a 
manometer membrane. The other end of the tube is reduced to half its 
diameter and contains the thermophone wires. This tube makes an 
airtight fit to a brass tube of 7-mm diameter that is provided with a 
rubber ring to make an airtight seal in the auditory meatus. The small 
opening O is provided with a cover that can be sealed in place with 
petroleum jelly after insertion of the earpiece into the meatus. This is 
to prevent alterations of air pressure in the meatus during insertion of 
the earpiece. The membrane manometer can be calibrated with static 
pressure, and its natural frequency and damping are determined by pull- 
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ing on it. All the measurements are made at frequencies below this 


natural frequency. 


If in Eq. (4-2) I? and I»? are kept constant, the 


average temperature of the thermophone remains the same and its sensi- 
tivity is constant. Then the sound pressure is proportional to Iıls, as 


was verified with sufficient accuracy by direct measurement. 


XY cm 


exc 


i 


Fra. 4-37. All three portions show a phase 
shift between the combined high-fre- 
quency currents and their beat frequency. 
The middle portion shows also that there 
is a slow onset of the beat frequency 
when there is no preheating of the 
thermophone. The lower portion shows 
a rapid onset when the thermophone is 
preheated. 


It is there- 
fore possible to calibrate the ther- 
mophone for large currents at vari- 
ous frequencies by means of the 
membrane manometer, and then to 
calculate smaller sound pressures 
from the product /,/» Also the 
value of 7,/; may be obtained di- 
rectly by inserting a thermoelement 
in series with the thermophone. 

The observations showed that 
this use of the thermophone as à 
rectifier of two beating frequencies 
is suitable not only for low tones 
but for tones throughout the whole 
range. 

The maximum obtainable sound 
pressure can be increased in the fol- 
lowing way. A Wollaston wire of 
5-u diameter and a total length of 
4 cm used in a cavity of 4 cu cm 
gave an effective sound pressure of 
P = 0.2 X 10° dynes per sq cm at 
a frequency of 50 eps and a pressure 
of 1.4 X 10° dynes per sq em at 10 
eps. When a gold foil 5 mm wide 
and 4 em long was used in the same 
cavity the pressure was 3 X 10* 
dynes per sq em at 50 eps and 
20 X 10? dynes per sq em at 10 cps, 
even though the weight of the 
thermophone was less than 1 gram. 
Tones above 2000 eps were strong 
enough to be audible in the room 
several metersaway. Accordingly, 
it is possible with a thermophone 
to make threshold measurements in 
a free sound field with little disturb- 
ance from overtones. However, 
there is an undesirable heat output 


from the thermophone, so that ordinarily it is switched on only for brief 
periods. The warming of the air in the meatus is often unpleasant. This 
can be avoided by placing a thin rubber membrane between the ear and 
the thermophone wire, but such a measure is seldom necessary. 
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To ascertain the extent to which the thermophone is useful as a sound 
source for determinations of acoustic impedance, measurements were 
made simultaneously of both the varying current and the resulting sound 
pressure. At low frequencies there is a phase difference of nearly 90° 
between these two. This phase shift has a complicated relation to the 
beat frequency. The shift is shown in the upper portion of Fig. 4-37. 
Also the lower portions of this figure show that the thermophone is suit- 
able for the production of brief tone pulses at low frequencies only if the 
thermophone is preheated with a steady current that is at least four 
times as large as the pulse. Otherwise the direct pressure changes are 
undesirably great. At higher frequencies this condition is even worse. 


MEASUREMENTS OF THE ACOUSTIC IMPEDANCE OF THE EARDRUM 
BY A SUBSTITUTION METHOD* 


Of special interest among objective measurements of the ear is the 
acoustie impedance of the eardrum. Such measurements have been 
carried out at high frequencies by 
Tróger and by Geffeken. Sivian 
and White made observations at 
100 and 200 eps by conducting 
sound to the ear through a fine 
capillary and reducing the sound 
pressure until the auditory thresh- 
old was reached. "Then the inter- 
posing of a cavity of known volume 


N Membrane 
N manometer M, 


A 3 Capillary 
between capillary and ear made it ^ tube 
necessary to increase the sound 
pressure to reach the threshold Membrone 


once more. The values of these manometer Mz 


two sound pressures made it pos- 
sible to determine what volume 
would have the same compliance as 
the eardrum. This method has 
the advantage of giving impedance 
measurements for sounds at the Ag 
auditory threshold. 
For frequencies below 30 eps the i 
threshold pressure is so great that E 
simple impedance measurements Fia. 4-38. Apparatus for measuring 
can be made even below threshold. „eoustic impedance by a substitution 
For this purpose a small T tube with method. 
an inside diameter of 7 mm is used, 
in the stem of which a long, narrow capillary is inserted, as Fig. 4-38 
shows. The right arm of the T tube is closed by a small manometer 
membrane M+, on which is a mirror that deflects a light beam. For high 


Tem 


* Extract from Art. 22 as listed in the Author’s Bibliography. Published in 1936. 
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sensitivity this membrane is small and is made of a self-vulcanizing rub- 
ber solution. The left arm of the T tube is connected to the auditory 
meatus by a piece of rubber tubing and made airtight with petroleum 
jelly. A small hole O is provided to prevent damage to the membrane 
by an increase of air pressure when the earpiece is inserted into the 
meatus. After this insertion the hole is closed with a plate smeared with 
petroleum jelly. Two headrests 4; and A, are then brought in contact 
with the head to fix the lateral portion of the cheekbone and the poste- 
rior portion of the temporal bone. Thereby the head can always be 
brought back to the same position. Also the stops determine the plane 
E — B, which represents the end of the meatus inside the auricle. 

Since at low frequencies the eardrum is essentially a stretched mem- 
brane, its impedance is equivalent to that of an air cavity. Therefore 
the measurements may be carried out by applying pressure variations 
to the capillary and observing the resulting deflections of the manometer 
membrane. Then the ear is replaced with a variable cavity, such as an 
injection syringe, and its volume is changed until the same deflections 
are observed for the same pressure variations. If the volume of the 
meatus (measured on cadavers as 0.9 cu cm on the average) is subtracted 
from the volume Vo, then the eardrum impedance can be determined 
approximately by use of the formula (see page 136) 


2 
Z= © (4-3) 


where V = V, — 0.9 cu em, p is the density of air, c the velocity of 
sound, w = 2rf is the angular frequency, and 7 = y —1. Mean values 


for V, the equivalent volume of the eardrum, obtained at various fre- 
quencies are given in Table 4-2. 


Tapıe 4-2 


Frequency, cps... ... 5 10 20 30 
Vani hi 2:0 1.9 1.5 1.2 


No significant change of impedance was observed when the applied 
sound pressures were raised above the auditory threshold. 

The substitution method can be used also to determine the phase of 
the ear’s impedance. For this purpose the bore of the capillary is made 
so small that the flow of air follows Poiseuille’s law at the frequencies 
concerned. Then, as Fig. 4-38 shows, another membrane with mirror 
M, is provided so that simultaneous observations can be made of the 
motions of the two membranes M; and M; The values of these two 
motions make it possible to determine the phase of the eardrum imped- 
ance. For more precise measurements, however, a Wheatstone bridge 
method is recommended. 
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MEASUREMENTS OF ACOUSTIC IMPEDANCE WITH THE 
WHEATSTONE BRIDGE* 


The acoustie bridge shown in Fig. 4-39 consists of two capillaries Rı 
and Rs, each connected to a cavity Vi! and Vx. These two capillaries 


are connected through a fluid filter 
system to a pump that produces 
variations of air pressure. If Vy’ 
and V have the same volume, 
there will not be any pressure dif- 
ference between them, and the 
membrane M will not move. This 
membrane, which carries a small 
mirror on which a light beam im- 
pinges, is an indicator corresponding 
to the galvanometer in Fig. 4-40. 
The meatus and eardrum are 
connected to V,’ in the manner de- 
scribed earlier (page 69). The 
elastic component of the impedance 
(the compliance) can be balanced 
by adjusting the volume V; with 
a plunger. The mass or frictional 
component is balanced by varying 
volume V». Asit is not easy to vary 
the length of a capillary, its value 
R is kept constant. However, its 
influence is altered according to the 
distribution of the elastic part of 
the impedance between V; and V2. 
If V, is increased and therefore Vi 
is decreased, the friction is in- 
creased. If V; = 0, the friction R 
is without effect. As before (page 
69) it is desirable to make the 
lumen of the capillary so small that 
Poiseuille’s law holds for the air 
flow at the frequencies of interest. 
Here the radius r = 0.238 mm and 


To the fluid 
filter system 
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Fic. 4-39. Acoustic bridge for impedance 
measurements. 


the length | = 2 em. Therefore the impedance 


Sul 


R = — = 3000 egs units 
ar* 


(4-4) 


where y is the frictional coefficient of air. From Eqs. (4-3) and (4-4) 
and Fig. 4-40 the impedance at the opening of the meatus can be cal- 


eulated. The volume of the meatu 


impedance of the eardrum. 


s is subtracted from V; to obtain the 


* Extract from Art. 22 as listed in the Author's Bibliography. Published in 1936. 
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For a sound pressure of 10? dynes per sq cm the average values obtained 
are shown in Table 4-3. For frequencies above 10 cps the impedance 
could be determined with a precision of a few per cent by measuring the 
amplitude of deflection of the light beam on the manometer membrane. 
For lower frequencies, however, the results were disturbed by head move- 
ments in spite of the use of headrests. These movements had a fre- 
quency of about 3 eps and caused changes in the volume of V;' that were 


Re 
Galvanometer 


h 


Fic. 4-40. The electrical counterpart of the acoustic bridge. 


superimposed on the sound-pressure variations and often could not be 
distinguished from them. To avoid this difficulty a further stabilization 
of the head is required, as may be obtained by the use of a biting board. 


TABLE 4-3 
Frequency, eps (V; — 0.9), cu em Va Impedance, cgs units 
5 i.d 1.87 (2.23 — 20.97) X 10° 
10 1.14 1.34 (1.9 — 13.57) X 10° 
20 1.42 0.77 (0.89 — 8.32) x 10° 
30 1.42 0.69 (0.82 — 5.8) X 10° 
40 1.62 0.57 (0.50 — 4.21) X 10° 


When the sound pressure was reduced there was a change of imped- 
ance of no more than 5 per cent. A change of this order was observe 
on stimulation of the opposite ear with a tone of 1000 eps at a pressure 
of 10 dynes per sq em. This strong tone produces a contraction of the 


tensor tympani muscles of both ears, with a stretching of the eardrum 
and an increase in its impedance, 


MEASUREMENT OF TRANSMISSION CHARACTERISTICS AND 
IMPEDANCES BY THE SINGLE-PULSE METHOD* 
! Since the establishment of Fourier's principle that any sort of vibra- 
tion may be regarded as the sum of a series of sinusoidal components, it 
has been customary to characterize a transmission system in terms of the 


* Art. 28 as listed in the Author’s Bibliography. Published in 1937. 
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amplitude and phase changes that it introduces during the propagation 
of various sinusoidal frequencies within its range. This procedure has 
been developed to the point where it includes nearly all of the measure- 
ments made in acoustics and public-address techniques. The transient 
responses of a system, though equally good in representing its character- 
istics, have been difficult to record and to formulate, whereas a-c theory 
provides simple methods for dealing with sinusoidal vibrations. 

During the last few years this situation has changed. The develop- 
ment of oseillographs, and especially the cathode-ray oscillograph, makes 
it possible to observe transient processes with ease. Indeed, there are 
situations in which it is more convenient to deal with a transient response 
than to carry out a series of measurements on individual frequencies. 

For example, in the region below 20 eps nearly all measurements of 
sinusoidal vibrations are difficult to make, because no generators can be 
found that are free of overtones. Moreover, most apparatus employed 
for these frequencies is inconveniently bulky; an a-c bridge requires such 
large inductances and capacitances as to be most unhandy. On the con- 
trary, it is easy to record the transients that follow the production of a 
shock in such a low-frequency system. 

The situation is similar when no simple standard quantities are avail- 
able. Thus it is not possible to isolate the acoustical properties that 
correspond to the electrical quantities of resistance, induction, and 
capacity for a wide frequency range. Therefore, as Schuster pointed 
out, it becomes necessary to use special norms in acoustic impedance 
measurements. 

The transient method is especially valuable also when the system is 
available for study for only a short time. Then it is possible to reduce 
the time of measurement to a few seconds and later to work out the 
behavior of the system in response to simple frequencies. Many phys- 
iological measurements are possible only with this type of technique. 
For example, the study of the acoustic impedance of the mouth opening 
is easily carried out by recording the responses to a click with the mouth 
formed for the production of the different vowels. Measurements made 
with pure tones give less comprehensive results, for it is not possible to 
hold the mouth in any one position for more than a few seconds, and a 
complete determination of the resonance curve cannot be obtained even 
with automatic recording equipment. bas 

If the pulse technique is repeated periodically it is easy to follow the 
course of changes in a varying system and to work out the frequency 
analysis later, The changes of sound transmission in the open air as pro- 
duced by the wind can be followed in this way, by the oscillographie 
recording of a series of clicks. In the investigation of sound transmis- 
sion over great distances a sharp detonation is the simplest acoustical 
sound source because it can be produced at great intensity and is radiated 
in all directions. The method is also the most suitable for the study of 
ground vibrations, for only by setting off an explosive charge can a large 
enough vibration be produced in the earth to permit measurements of 
the spread of the waves of different frequencies in the surrounding areas. 
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Even in the routine testing of communications systems the pulse 
method is often the most suitable, because continuous observation of the 
transients may be made on a cathode-ray oscillograph. Then if there 
is any change in the system it is more readily recognized than when the 
usual method is used, in which the amplitude transmission for different 
frequencies is measured, without regard to phase relations. Waetzmann 
in 1913 showed that the main characteristics of the behavior of a loud- 
speaker diaphragm could be found by its response to a sudden shock. 
Also in medical acoustics the percussion methods have been used for a 
long time. 

Calculation Methods. If in a linear transmission system the voltage or 


i force of a variable E is zero up toa 
e time / = 0 and then suddenly jumps 
ei to a unit value and remains there, 
S as seen in Fig. 4-41, a transient 
= 


vibration arises in a second variable 
I whose temporal course can be 
represented as A(t). If this tran- 
sient vibration A(é) is known, then, 
as Carson has shown, the transient vibration / (t) can be found for any 
sort of temporal variation H(t) arising at t = 0, by the formula 


t=0 Time > 
Fic. 4-41. A simple step process. 


I(t) = A(Q)E() + ie ! A'(E(t — 1) dr (4-5) 
IQ) = BO)AW + f; E't — )4() dr (4-6) 


where the primes represent differentiation with respect to time or 
A'(t) = d A(t)/dt. 

If now the variable E begins to undergo sinusoidal vibrations at time 
t=0 at the frequency w/2r, or E(t) = E sin (wt + 9), then 7 will pro- 
duce sinusoidal vibrations also, and at the end stage as [ — œ the value 
from Eq. (4-5) is 


I = E sin (ot + Q) [40 n j cos wrA’(r) dr] 
— E cos (wt + Q) s sin er A'(r) dr (4-7) 


Substituting in Eq. (4-6) we obtain 


I = Ecos (wt + Q)o vd cos wrA (t) dr + E sin (wt + Q)o "fs sin wrA (r) dr 
(4-8) 


if it is assumed that A(t) = 0 when t= «. This assumption, which 
can nearly always be made in acoustics, means that a d-e change in one 
variable will not be transmitted to the other. However, if the d-c change 
produces an alteration of the equilibrium position, the caleulations will 
have to be made by means of Eq. (4-7). 


EXPERIMENTAL APPARATUS AND METHODS 75 
We obtain for the transmission characteristics in the steady state 


Teiot+2) = (Egiter-2 = [a(w) + i8(w)] Beier) 
and hence T = Ela(w) sin (wt + 9) + B(w) cos (wt + 2)] 


A comparison with Eq. (4-7) gives for the required transmission char- 
acteristics 


alw) = A(0) + 5" cos orA'(7) dr (4-9) 
Blw) = — ji * sin erA'(r) dr 


and by comparison with Eq. (4-8) we obtain 


a(w) = w f," sin orA(r) dr 
B(w) = of. cos wrA(r) dr (4-10) 


Because Æ and / are arbitrary variables, they can represent the input 
voltage and input eurrent of an electrie network. Therefore Ü repre- 
sents the reciprocal value of the impedance. The same holds for the 
mechanical and acoustical analogies. 

The foregoing integrals have exactly the same form as the Fourier 
integral representing the frequency analysis of an aperiodic vibration, 
beginning at ¢ = 0 and slowly decreasing. This integral is 


fa) = | " eos (az)vi(o) de + Í "sin orao ioi (4-11) 
oila) =È [7 cos (ara) de 
ea) = + | " sin (oz)f(z) dz 


where [¢1(w)? + g»(w)*]* is the amplitude in the spectrum of the func- 
tion f(x) for angular frequency w. 

The determination of the transmission characteristics from the iran- 
sient processes then is of value only if the Fourier integral can readily be 
evaluated, . : 

Determination of the Fourier Integral. Gray and Bush designed special 
instruments called integraphs for the evaluation of integrals of the form 


K0- h “a(t + AJA) dd 


Because they are designed for the most general application they are very 
complicated, and for our purposes it is better to use a special form. 
Practically any harmonic analyzer with a continuously changing base 
length can be used. If the curve to be analyzed extends from zero to 
Some value, and a base length a is chosen that is longer than this, as 


76 INTRODUCTION 


shown in Fig. 4-42, the analyzer gives the integral 


[ * 608 (= 2) f(x) dz 

0 a 

or F sin (m 2) f(x) dx 
Jo a 


which can be extended to infinity because beyond a, f(x) = 0. If we 
substitute w = 2rn/a in Eq. (4-11), then by a continuous extension of 


ı=0 ı=0 
Fıg. 4-42. The frequency analysis of a unitary process by means of a harmonic analyzer. 
the base length the integral is obtained for various values of w. In gen- 
eral it is convenient to decrease a to half its length, then jump to its 
original length, and thereafter to doublen. Then each adjustment of the 
analyzer will give an octave of the frequency range that can be repeated. 

If only the amplitude character- 
istics are of interest it is permissible 
to displace the curve along the x 
axis. When phase relations must 
be determined also this is not 
possible. 

Frequency Analysis of Single 
Pulses with Mader’s Analyzer. 
Mader’s analyzer is the simplest 
and most generally applicable 
among those with variable base 
length. Figure 4-43 presents it in 
a vertical section. A movable 
angle piece W carries on its right 
side a rotatable arm A with a 
pointer P. A rotation of the pointer 
turns a gear D on a rack Z. The 
Fra. 4-43. Mader's harmonic analyzer. gear has two depressions, C and 5. 
? ? When the pointer of a planimeter 
is placed in these depressions and F is traced along the curve to be 


analyzed and back along the x axis, the planimeter surface P, or P, i8 
given as 


2 a 
F, = x cos (wax) f(a) dx 
0 


F= zi f sin (wx)f(x) dx (4-12) 


Here K is a constant of analysis, 
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Then Eq. (4-11) gives for the amplitude spectrum 


F 

MA d 1. 

eio) 2rK = ex) 2x 

when the angular frequency w = 2rn/a. Here w is expressed as 1/cm. 
To obtain the usual angular frequency, this value is multiplied by p 
when the paper speed in the oscillographie recorder is p em per sec. 


Gears are available for the analyzer to give successive values for n of 
1, 2, 4, and 8. The length of the curve to be analyzed is conveniently 
chosen as about 9 em, so that a is enlarged from 9 to 36 em by shifting 
the pointer F along the arm A, whereby a frequency range of five octaves 
may be covered. To enlarge this range further a second gear is provided 
with n = 8 on whose shaft a gear with n = 2 is fastened, and this acces- 
sory may be used to enlarge the ratio by engaging the gears n = 4 or 
n= 8. Then the constant K of the analyzer is enlarged fourfold and 
n becomes 16 or 32, so that seven octaves can be covered. 

In this manner it is possible to make measurements up to the 32nd 
overtone of the base length. If it is desired to go still higher, then the 
integral is separated into partial integrals 


loud El" foco. 


That is to say, the curve to be analyzed is taken as longer than 9 cm 
and is integrated by parts until f(z) — 0, and the partial values obtained 
for F, and F, are added. 

In carrying out the analysis it is convenient to fasten the curve to be 
analyzed on a carriage that may be moved along the x axis, so that with- 
out any shifting of the analyzer for different base lengths it is always pos- 
Sible to place the various intersecting points of the curve at the start of 
the base line. ' . 

If the curve to be analyzed does not approach the base line as time 
increases, but instead approaches a constant value e, as indicated by the 
dotted line of Fig. 4-42, the pointer of the analyzer is not brought back 
to the z axis but to the level of the dotted line. To obtain the ampli- 
tude spectrum of f(x) it is necessary to add to the value obtained for 
¢2(w) the amplitude spectrum of the backward-running rectangular curve 
represented by ¢2'(w) = e/ (mw). x3 A 

Determination of the Frequency Response of a Transmission System with 
Mader’s Analyzer. If the differential of the transient A (¢) produced by 
a sudden step is known, a comparison of Eqs. (4-9) and (4-12) for the 
transfer function measured with Mader’s analyzer gives 


AOE a 
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On the other hand, if the transient for the sudden step itself is given, 
then by Eq. (4-10) 


a(o) = "Ee 
Ble) = Es 


where w = 2rn/a is again measured in 1/em and is to be multiplied by: 
p if the oscillographic trace represents the transient of the paper speed in 
p cm per sec. 

To obtain an indication of the precision of this method of integration, 
the loading current of a condenser of C = luf connected in series with a 


[9 
w=100 500 1000 5000 10,000 30,000 


Fro. 4-44. The curve represents the transmission characteristic as calculated from the 
a-c impedance, and the points represent this characteristic calculated from the 
observed transients. The abscissa represents angular frequency (w = 2rf) and the 
ordinate the transmission characteristic. 


resistance R = 1090 ohms was determined for a suddenly applied volt- 
age. The absolute value of the transient, 7.e., the reciprocal of the imped- 
ance, is |U| = [a(w)? + B(w)*]%. The observed values are shown by the 
points in Fig. 4-44, whereas the curve represents calculated values accord- 
ing to the formula 

1 1 


Ze) RF 1/iw 


It is clear that the observed and calculated values agree within 1 per cent. 

Sources of Pulses. For precise measurements of transients it is neces 
sary to employ pulses of simple form. In electrical systems such pulse 
arise from the sudden introduction of a d-c voltage. A rectangular volt 
age pulse also can be used, and if its duration is dt, the transient proces 
is E[A(t) — A(t — dt)] = EA'(t) dt, and so Eq. (4-9) can be used. It 
necessary that dt be small relative to the period of the frequencies th a 
arise, and therefore this method is especially suitable for systems with 
low natural frequencies. In such systems a mechanical relay can be use! 
to produce the pulse. For higher frequencies use may be made of eithet 
electrical relays or the arrangement used by Wagner (3) for the pre 
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duction of synthetic vowels, which employs the rectangular form of the 
hysteresis loop produced in a magnetic alloy when exposed to a sudden 
change of inductance. From the calculations made by Wagner on the 
spectra produced by pulses of various forms it is possible to evaluate the 
errors that arise when the test pulses are insufficiently brief. 

For sound transmission in air and for most acoustic systems only short 
pulses can be employed. The sound of an electric spark is a satisfactory 
source. To obtain large sound pressures a Leyden jar or a static machine 
may be used, and for ordinary sound pressures the arrangement shown 
in Fig. 4-45 is satisfactory. It consists of an injection needle T with a 
short tube attached, and at the end of the tube a graphite rod (the lead 


x Grophite tip 


Shielded coble 


Fra. 4-45. A spark apparatus. 


of a hard-grade pencil). Within the needle is an insulated wire D with 
à tungsten contact at one end and the armature of a relay at the other 
end. The relay is damped by layers of rubber. When switch Sis closed, 
the armature is pulled in and the tungsten tip brought in contact with 
the graphite rod, producing a discharge of condenser C. The same switch 
Operates an oscillograph. The sound produced by the spark is trans- 
mitted to the air through holes L in the tube surrounding the graphite 
rod. The tip and injection needle are grounded, and the whole appara- 
tus is electrically shielded. This method has served for measurements 
of the resonance of the mouth cavity, and the device can even be placed 
far back in the throat. Sparks of a suitable intensity were produced 
over a period of several months without any difficulty. 

For producing shocks in a small mechanical system the hammer of a 
piano was used. 
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Examples of the Application of the Shock Method. Two examples from 
physiological acoustics will serve to illustrate the suitability of the 
method. Cotton studied models to obtain information on the effects of 
stiffness of the walls of the mouth on speech. He constructed cylindrical 
resonators with walls of fresh meat and water-soaked cotton. The reso- 
nance curve was determined by observing the increase in sound pressure 
that occurred when the resonator was placed in front of the vibrating 
loudspeaker diaphragm. These measurements gave a flat curve and 
hence were not in accordance with existing theory of vowel production. 
Control experiments showed that in the repeated placing and removing 
of the resonator there may be slight alterations of its form in which sharp 
points of resonance are easily overlooked. 


Fi. 4-46. The transients produced in a resonator made to resemble the mouth 
cavity, after being passed through a filter. "The upper curve represents the effects 


from the resonator alone and the lower curve the effects when it was enclosed in a 
metal case. 


urements, the spark producer shown in Fig. 4-45 was placed on the floor 
of the resonator and the resulting transients were recorded by a con- 
denser microphone located near the opening of the resonator. It was 


——————— —_ 
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water, 50 grams of glycerin, and 1 gram of phenol. This material was 
formed in a metal mold and removed as a tube after gentle warming of 
the mold. A resonator formed in this way had a length of 15 em, an 
inside diameter of 2.5 em, and a wall thickness of 1.2 cm (corresponding 
to the cheeks). Its transient vibrations after passing through an octave 
filter had the form shown in the upper portion of F ig. 4-46. The lower 
portion of this figure shows the response of the same resonator still in its 
metal form. The close similarity of the two curves shows that yielding 
of the walls can have little effect upon the resonance of the mouth cavity. 

The second example has to do with the transmission characteristics of 
the ossieles of the middle ear, measured in the fresh cadaver. Such 
measurements are limited to a few hours after the removal of the middle 
ear. This time does not permit measurements of vibratory amplitude 
and phase for the whole range of frequencies at all points of interest along 
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Fia. 4-47, Transient vibrations produced by the manubrium of the malleus, together 
with the calculated transmission curve of the system meatus-manubrium, 


the ossicular chain, though such extensive measurements are needed to 
develop the theory of the action of the system and to bring out individ- 
ual differences among ears. Attempts to study the movements by means 
of small mirrors or aluminum particles on the surface led to uncertain 
results, because in the long times required for this procedure these small 
bodies shifted their locations. 

However, if the eardrum was exposed to a sharp click and the rotary 
movements of the handle of the malleus were recorded by means of a 
mirror, a transient was obtained as shown by curve a of Fig. 4-47. ‘Then 
by Eq. (4-9) a calculation was made of the transmission characteristics, 
as shown by curve b of this figure. By this procedure the preparation 
was conserved and the measurements were carried out in a short time. 


A NEW AUDIOMETER* 


An audiometer was designed in which the intensity of the tone increases 
continuously as long as a signal button is pressed and decreases as long 
as this button is released. The subject thus can cause the intensity of 


* Article 49 as listed in the Author’s Bibliography. Published in 1947. 


82 INTRODUCTION 


the tone to fluctuate between just above and just below threshold. The 
amplitude of these fluctuations is a measure of the difference limen for 
intensity, which is automatically recorded together with the absolute 
threshold. "The magnitude of the difference limen may be used to decide 
whether a hearing loss is due to a conductive or to a perceptive lesion. 

The instrument includes a noise for masking the ear that is not being 
tested. This is usually essential, especially in measurements by bone 
conduction, and it is helpful also to vary the intensity of the test tone. 
An automatic arrangement is provided for this purpose, and by this means 
the masking noise is delivered at a strength sufficient to exclude the 
unwanted ear without being so strong as to diminish the acuity of the 
ear under test. 

Requirements of an Audiometer. In audiometric measurements sounds 
should be avoided that are appreciably louder than threshold because 
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Fra. 4-48. Schematic diagram of the audiometer. 


they cause fatigue and make the determinations erroneous. Moreover, 
the measurements need to be carried out as rapidly as possible so that 
the attention will be maintained at an effective level. The conventional 
method, in which the test tone is increased in a number of steps begin- 
ning below threshold, is unnecessarily time-consuming, because many of 
the judgments are not determinative. In the ideal audiometer the test 
tone is always close to the threshold. 

Principle of the New Audiometer. As just described, an audiometer 
was constructed in which the intensity of the test tone increases con- 
tinuously as long as a button is pressed and decreases continuously as 
long as it is not pressed. The subject holds the button down until the 
tone becomes audible, then releases the button until the tone disappears, 
presses again until the tone reappears, and so on. Thus the tone fluc- 
tuates about the threshold all the time, and the amplitude of this flue- 
tuation is a measure of the difference limen for intensity at the absolute 
threshold. Both of these thresholds are automatically recorded. 

The arrangement of the apparatus is indicated schematically in Fig. 
4-48, and a photograph is shown in Fig. 4-49. A motor M ı produces a 
continuous change in the frequency of the audio-oscillator, The whole 
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range between 100 and 10,000 eps is covered in 15 min. On the same 
shaft as the motor is a drum holding a card on which the sound intensity 
is recorded by a stylus. The oscillator works into a potentiometer that 
covers a range of 140 db and connects with the telephone receiver. A 
second motor M» controls the position of a sliding contact on this poten- 
tiometer and at the same time moves the stylus. This second motor is 
under the control of the subject. When he pushes the signal button the 
contact moves to the left and the intensity in the telephone receiver 


Fic. 4-49. Photograph of the audiometer. 


increases. When he releases the button the motor is reversed, the con- 
fact moves to the right, and the sound intensity decreases. / 

The potentiometer could be constructed so as to give a continuous 
variation of intensity, but in order to give high reliability it was arranged 
to provide stepwise changes of 2 db. At high intensities a slight click 
is heard as the slider moves from one step to another, but this transient 
18 inaudible near the threshold. 4 

To make the normal audiogram a straight line a corrective network 
Was introduced between the potentiometer and the receiver. This net- 
Work provided large attenuation for frequencies between 1000 and 
3000 eps and also reduced the magnitude of the transients. 

Reproducibility of the Threshold Measurements. To test the repro- 
ducibility of the threshold, steady tones of 200 and 10,000 eps were 
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observed for a period of 15 min. The audiograms in Fig. 4-50 show 
that the variations over this period of time occurred usually at a slow 
rate and had a magnitude of about 5 db. They sometimes were larger 
at 10,000 cps because of shifts in the position of the receiver on the ear, 
which altered the resonances. Such shifts could be produced by move- 
ments of the lower jaw. The difference limensas indicated by the up-and- 
down fluctuations are highly regular, and there have been no complaints 
of fatigue on the part of subjects, even after tests lasting an hour. 
Figure 4-51 shows two audiograms covering the range of 100 to 15,000 
cps, representing successive tests on an untrained subject. The repro- 
ducibility is less above 5000 eps because the resonances of the receiver 
and meatus are altered when the receiver is taken off the ear and replaced. 
These resonances are sharp, and the audiogram may differ slightly if at 
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Fra. 4-50. Responses to steady tones of 200 and 10,000 eps, observed over a period of 
several minutes, 


one time they are traversed with the intensity rising and at another time 
with the intensity falling. F 

The effect on the threshold of the rate of change of intensity was 
studied, with results indicated in Fig. 4-52. This rate at first was 90 db 
per min, and then it was changed suddenly to 220 db per min. The 
absolute threshold was not affected, but there was an increase of the dif- 
ference limen. 

A tone of threshold intensity requires about 0.5 to 1.0 sec in order to 
reach its full loudness, and the reaction time for pressing a key is about 
0.2 sec. To avoid mechanical delays a mieroswiteh was used as the sig- 
nal button, for a movement of 0.2 mm was sufficient to operate it. It 
was further necessary to use a rotor of low inertia in the motor Ms $0 
that a reversal of direction could occur with minimum lag. It would 
also be possible to use a reversible transmission and to keep the motor 
running continuously. 

The rate of change of intensity must not be too small, because the 
details of the audiogram are then obscured. In preliminary tests a rate 
of change of 140 db per min was used. The subject’s task of pushing the 
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button is a rhythmic one. There is a risk, therefore, that he will be 
guided by his sense of time instead of his threshold. The following 
experiment was carried out to test this possibility. At a given moment, 
indieated by the arrow in Fig. 4-53, the oscillator current was turned off 
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Fia. 4-51. Successive audiograms obtained on an untrained subject. 


and the subject was asked to continue to press the button in the same 
rhythm as before. He could guide his behavior by the rhythm of the 
heart, or by breathing movements, or by a sense of musical rhythm. 
These alternatives gave different kinds of curves. If the breathing 
movements were used there were sudden displacements of the curves as 


R— 90 ab per min = 220 db per min EM 


10 


Decibeis 


20 


Time > 
Fia. 4-52. Effect of a sudden alteration of the rate of change of intensity from 90 db 
per min to 220 db per min. 


shown in a of Fig. 4-53. If a pure time sense was relied upon the ampli- 
tude of the fluctuations waxed and waned as shown in b of this figure, 
while the level of the curve usually deviated toward higher or lower 
values. After some experience these curves are usually easy to diagnose, 
for they have a different character from true audiograms. 
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Masking the Other Ear. The relations obtaining in the measurement 
of air-conduction thresholds are indicated in a of Fig. 4-54. The ear 
being tested (right ear) is represented on the right and the other ear, 
which is to be masked, is represented on the left. The height of the 
heavy vertical bar represents the test tone of threshold intensity. The 
attenuation of the test tone when conducted from one ear to the other 
across the head is ¢ db, and the level of the test tone as present in the 
left ear is represented by the top of the broken-line on the left. The tone 
in this ear can be masked by the use of a noise that is m db above the 
level of the tone. This level is indicated by the top of the bracket 


10, 
so PCR TE TTM ai | 


Tone ceased 


Time > 
Fra. 4-53. Rhythmie pressings of the button after the tone was turned off. For curve a 


the subject relied upon his breathing movements, and for curve b simply upon his 
time sense, 


enclosing the broken line. The intensity of the masking noise must not 
fall below a level (t — m) db below the threshold of the ear under test. 
If it does 80 the test tone will be audible in the left car. On the other 
hand, this masking noise must not be too loud. It must not exceed the 
minimum level by more than 2, for then it will pass across the head to 
the right ear and mask the test tone there. Hence the masking noise for 
air-conduction testing must be held within a range of intensity of 2¢ db. 
; For bone conduction the situation is different. There is no attenua- 
tion of the test tone from one ear to the other, and in fact the tone may 
be heard better in the wrong ear. Therefore the masking noise has to 
ex kept within an interval of intensity less than £ db, as the diagram 
shows. 


The attenuation of an air-conducted tone from one ear to the other 
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may be measured by the method of best beats, as used by Lane and illus- 
trated in Fig. 4-55. Oscillator G; produces a loud tone in the receiver on 


the left, and Gs produces a tone in the receiver on the right. 
quency from G^ differs from that from G, by 1 eps. 


switches and attenuators b; and b; the 
tones are alternated and adjusted to 
equal loudness. Then both tones are 
sounded at once, and that-from G% is 
reduced until maximum beats are ob- 
tained. The maximum appears when 
the tone from G% is equal to that from 
G, after being conducted through or 
around the head. The change of at- 
tenuation in bs that is necessary to 
reduce the tone from equal loudness 
to best beats represents the reduction 
of the tone in passing through or 
around the head. This attenuation 
was found to be 40 to 50 db, which is 
thus the magnitude of ¢ referred to 
above. These values were obtained 
for a number of dynamic receivers 
provided with sponge-rubber ear pads, 
and for the frequency range of 100 to 
10,000 eps. 

The value obtained for ¢ is so low 
that difficulties arise in bone-conduc- 
tion measurements if the intensity 
of the masking noise is not adjusted 
to the intensity of the test tone. 
This adjustment can be made with a 
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Second potentiometer that is mechanically coupled to the first one. 
Another method is to use the same potentiometer for both tone and 
noise. As shown in Fig. 4-56, a direct current may be superimposed 
upon the alternating current, and the two attenuated together. The 
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Fic, 4-55. Circuit for measuring the attenuation from one ear to the other by the 
best-beats method. i3 
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attenuated direct current then can be separated from the alternating 
current by means of a filter and chopped by means of an interrupter to 
produce the masking noise. 

Audiograms for Pathological Ears. The new type of audiogram not 
only represents the absolute intensity as a function of frequency but also 
shows how the difference limen varies with frequency. These data may 
be used for a distinction between perceptive and conductive lesions. In 
normal ears the difference limen inereases somewhat between 100 and 
1000 cps and then remains constant to about 4000 eps. Above this fre- 
quency it declines once more and reaches its original value at 10,000 cps. 
This variation of the difference limen with frequency agrees with the 
well-known Kingsbury curves of equal loudness. 

In pathological cases three different types of audiogram were obtained, 
as represented in Figs. 4-57 and 4-58. In the upper curve of Fig. 4-57 
there is no great change in the difference limen with frequency, and the 
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Fic. 4-56. Method of attenuating a tone and a noise at the same time. 


curve has the usual form. In the lower curve, however, there is & 
marked decrease in the amplitude of the intensity fluctuations; the dif- 
ference limen as measured at threshold declines progressively for the 
higher frequencies. The upper eurve represents an ear that on other 
grounds was diagnosed as suffering from a conductive lesion. The lower 
re represents one that was diagnosed as suffering from a perceptive 
esion. 

Usually the two types of curve are readily distinguished and permit 
a differential diagnosis to be made directly from the audiogram. This 
method is the equivalent of Fowler’s recruitment test but has the further 
advantage of permitting the investigation of a single ear. It is of par- 
ticular value when a perceptive lesion does not affect the whole frequency 
range to the same extent, for then the difference limen changes between 
different regions of the audiogram. . 

The third type of pathological curve is shown in Fig. 4-58. The large 
spikes at irregular intervals indicate the presence of tinnitus, which dis- 
turbs the observations. 

_ As a control experiment a perceptive lesion was artificially produced 
in a normal ear. This was done by fatiguing the ear for 10 min with 4 
tone of 1000 eps at an intensity close to the threshold of feeling. The 


EXPERIMENTAL APPARATUS AND METHODS 89 


audiogram as determined after a pause of 10 min is shown in Fig. 4-59. 
Before the fatiguing the amplitude of the spikes was more than 10 db 
over the whole frequency range, but after the fatiguing it was markedly 
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Fro. 4-57. Pathological types of audiogram. The upper curve was obtained from 
an ear with conductive deafness, the lower one from an ear with perceptive deafness. 
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Fia. 4-58. An audiogram from an ear suffering from tinnitus. 


reduced for tones above 1000 cps. In the upper frequencies the measure- 
ments came about 20 min after the fatiguing. If this interval is made 
less the change in spike height is even more impressive. Figure 4-60 
shows the audiogram obtained for an artilleryman with a normal middle 
ear and nerve deafness. , 

In the study of perceptive deafness it often is useful to record curves 
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of equal loudness. This can easily be done with the new audiometer. 
A constant noise is presented to the ear that is not being tested and the 
subject is asked to permit the test tone in the other ear to become alter- 
nately a little louder and a little fainter than this noise. 

Malingering and Simulated Deafness. Asa control to ascertain whether 
the true auditory threshold is being observed an added attenuation may 
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Fie. 4-59. Audiogram obtained in a normal ear after fatiguing with 1000 cps. 
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Fic. 4-60. Audiogram for an artilleryman with nerve deafness. 


be inserted into the circuit from time to time. If the recording paper is 
caused to move at the same time so as to compensate for this added 
attenuation the audiogram of a normal ear maintains a straight course 
except for a larger spike at the moment that the addition is made. Such 
an audiogram is shown at the bottom of Fig. 4-61 and may be compared 
with the usual audiogram above. As the lower curve was obtained an 
attenuation of 10 db was inserted every 2 min. The two curves are-in 
good agreement except at the beginning for 100 cps, before the subject 
had settled down, and at the end near 10,000 cps because of a difference 
in the placing of the receiver on the head. 
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In malingering, where a true threshold is not obtained, the subject is 
unable to follow the intensity changes and a peculiar form of curve is 
recorded. For Fig. 4-62 the subject made an honest effort up to 1500 eps 
but thereafter tried to conceal his deafness. Here the effects of the 
introduction of 10 db shifts are obvious. 
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Fig. 4-61. Above, a normal audiogram. Below, an audiogram for the same ear, with 
10 db of attenuation inserted every 2 min. 
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Fra. 4-62. The subject attempted to conceal his deafness from 1500 cps on. 


The audiometer was calibrated in absolute units for air conduction. 
If a completely straight horizontal line is desired for the normal audio- 
gram it will be necessary to compensate for the minor variations remain- 
ing after the use of the electric network. This may be done mechani- 
cally by having the drum that carries the audiogram card shift along the 
intensity axis as determined by a profile. 


CHAPTER 5 


THE ACTION OF THE MIDDLE EAR 


MOVEMENTS OF THE AUDITORY OSSICLES* 


In architectural acoustics it has been shown that when vibrations are 
transmitted from a body of low acoustic resistance to one of high acoustic 
resistance the resulting amplitudes are determined essentially by the 
pressure existing at the boundary. It can be assumed that the pres- 
sure acting on the body of high resistance is not affected by the relatively 
small amplitudes of vibration of this body, because of the great com- 
pliance presented by the body of low resistance. These relations hold 
for the ear because the air is tenuous, and therefore the ear is essentially 
a pressure receptor. This matter of pressure transmission is of inter- 
est for the ear because the sensitivity can be increased by a pressure 
transformation. 

It is well known that for the high tones in particular the obstacle effect 
of the head and the resonance of the external meatus bring about an 
alteration of the sound pressure, so that its magnitude at the eardrum 
is considerably greater than in the free field. This enhancement of pres- 
sure can be caleulatedf and can readily be measured with a probe in a 
subject’s ear (Kuhl). 

Pressure Transformation in the Middle Ear. After the pressure at the 
eardrum is known, the next step is to discover how it is transmitted to 
the cochlear fluid, First of all it is important to find to what extent the 
pressure acting on the total surface of the eardrum is transferred to the 
manubrium of the malleus, which is attached to the eardrum. After an 
amplification of about 1.3-fold by the lever action of the ossicular chain, 
this pressure is applied to the stapes. As the surface of the eardrum is 
significantly greater than the footplate of the stapes, we expect a con- 
siderable increase in the pressure (force per square centimeter) on the 
footplate. b 

The Catenary Hypothesis. According to Helmholtz (1,2), a further 
enhancement of pressure is achieved because the eardrum does not act 
like a stiff piston carrying the manubrium along as an integral part, but 
acts in a peculiar way. Its slightly convex form, produced by the fibers 
running toward the center (the radial fibers), makes it possible for a small 
force acting at the middle of the fibers to produce a much greater force: 
at the ends of the fibers, in much the same way that a stretched string 
produces forces on its end supports when its middle is displaced laterally. 

* Article 38 as listed in the Author's Bibliography. Published-in 1941. 


t See Chap. 7, p. 268. 
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In order for the eardrum to produce a pressure transformation of this 
Sort it is necessary that the radial fibers be inelastic and that the circular 
fibers be relatively compliant, so that the conical form of the eardrum 
can be altered. Studies in which small portions of the eardrum were cut 
out showed that there was actually a difference in the strength of the 
membrane in the different directions. However, the elasticity in the two 
directions was of the same order of magnitude. The same is indicated 
when the normal eardrum is touched with a fine hair. The depressed 
surface is nearly always completely cireular if the tissue is in a fresh 
condition. On the other hand, a rubber membrane that is Stretched 
unevenly will show an elliptical depression when tested in this manner. 
"Therefore we must not expect to find a greater pressure transformation 
than is provided by the ratio between the surfaces of eardrum and 
stapedial footplate. 

If we regard the eardrum as a stretched membrane in which the manu- 
brium of the malleus is embedded, then according to the extensive cal- 
culations of Frank only a part of the pressure acting on the eardrum will 


behind the membrane, the pressure transfer was still smaller. This hap- 
pened because the opposing force of the compressed volume of air reduced 


M easurements of Transformer Action. To measure the pressure trans- 
formation in the human ear, the following experiment was carried out in 
cadaver specimens. A sound pressure was applied through the external 

i 1 opposed by another sound pressure 
acting on the Inner surface of the stapedial footplate, and the amplitude 
and phase of this second alternating pressure were adjusted so that the 
stapedial footplate remained at, rest. The ratio of these two pressures 
represents the pressure transformation of the middle ear. A capacita- 
tive probe, as described earlier (page 53), was used to show when the 
stapes was motionless, 

In this experiment it was highly important to avoid any drying of the 
preparation. The footplate of the stapes had to be exposed quickly, and 


labyrinth was penetrated (see Fig. 5-1). When the nerve in the internal 
auditory meatus was removed and the fluid of the labyrinth was sucked 
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Fic. 5-1. A cross section through the ear showing the simplest way of exposing the 
stapedial footplate, after Toldt. 
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i i ted. As 
able enlargement of the opening & small brass tube was inser 
shown in Fig. 5-2, this brass tube was connected to a microphone M; 
and a sound source. The brass tube was cemented into the bony open- 


98 Si CONDUCTIVE PROCESSES 


ing with zine oxyphosphate cement. Then the round window and the 
semicircular canals were closed with cement. 

A T tube was cemented into the external meatus, as shown also in 
Fig. 5-2, with one branch connected to a mierophone M, and the other 
to a loudspeaker L;. The distance from M; to the eardrum was 3 em, 
corresponding to the normal length of the meatus. In addition, an open- 
ing (shown by dotted lines) was drilled into the bony meatus as close as 
possible to the eardrum, so that the pressure transformation of the middle 
ear could be measured apart from the pressure changes introduced by the 
meatus. In these measurements it was necessary to have the measur- 


tance in front of the eardrum is too great, the pressure transformation 
indicated for the higher frequencies becomes excessive. On the other 


The audio-oscillator worked into two attenuators E; and Es, and each 
of these was followed by an amplifier and a loudspeaker. One loud- 
speaker was connected to the meatus and the other to the stapes. The 


of vibration of the stapedial footplate was shown by the probe. The two 
sound pressures were picked up with the two small condenser micro- 
phones, then amplified and connected through attenuators to a cathode- 
ray oscillograph. From the setting of the attenuator the pressure ampli- 
tude of the sound could be found. The phase was indicated by the 


A difficulty in these measurements arose because the sound pressure 
caused motion in the whole temporal bone and not just in the stapes and 
eardrum.” ‘Also, elastic waves were set up in the rubber tubes leading to 
the loudspeaker, and these were transmitted to the bone. To estimate 


, and the sound pressure 
The probe was then 


bone. Therefore, care was taken that the 
in. The probe was easily detached from the amplifier, so that even. when 
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it was-cemented im there was no difficulty:in carrying out preliminary. 
operations on the bone. : 

It was found best to prepare the probes only a day or so before they 
were to be used, because in the course of time tiny cracks often appeared 
in the varnish with which the probe was covered, and in the saturated 
air within the temporal bone the insulation was gradually impaired. 

A study was first made of the pressure transformation in its relations 
to amplitude. It was shown that for a tone of 200 eps, for example, no 
overtones were present even when the sound pressure was raised to a high 
level. But if this pressure was raised further and exceeded a certain 
value, there was a sudden appearance of overtones. Then, for example, 
an increase in amplitude of 30 per cent might increase the overtones from 
1 per cent to 8 per cent. By listening it was easy to note that this sudden 
increase of overtones occurred around the threshold of feeling, when the 
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Fia. 5-3. The effects of static pressure on transmission through the middle ear. 


auditory ossicles shifted out of their normal direction of vibration and the 
stapes began to rotate along its longitudinal axis (see page 112 and 
Stuhlman). Ad t 

It is of interest that these abnormal modes of vibration, together with 
a significant reduction in the pressure transformation, occur even for 
small sound pressures when there is disease of the middle ear. Only this 
sort of stapedial vibration could be found in a temporal bone that was 
probably diseased because the opposite ear was filled with pus. It is 
possible that many spontaneous improvements of acuity in the presence 
of middle-ear disease can be attributed to changes in the direction of 
vibration. 1 3 

It was further established that the pressure transformation is at a 
maximum in a temporal bone that is fresh and quickly prepared. Every 
change thereafter leads to a decrease. If, for example, during the sound- 
pressure measurements the eardrum was exposed to a steady positive or 
negative pressure of 10 em of water, there was à noticeable impairment of 
transmission for tones up to about 800 cps, as shown in Fig. 5-3. Beyond 
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1000 cps this effect was small. Changes of loudness as observed by 
normal subjects for steady positive and negative pressures gave the same 
absolute values and the same relations to frequency (cf. page 360). 
These changes of loudness cannot be accounted for, as they usually have 
been, by supposing that the steady pressure pushes the stapedial footplate 
into the oval window. In the measurements of pressure transformation 
the stapedial movements were fully canceled so that the stapes remained 
motionless, and thus its manner of attachment to the walls of the middle 
ear could not have any significance. It is much more likely that the 
eardrum in its normal condition moves like a piston, because of its conical 
form, and transmits the whole alternating pressure exerted on its surface 
to the auditory ossicles, When a strong air pressure is applied to it, 
however, it is changed to a stretched membrane and transmits much less 
pressure to the ossicles, as already mentioned. 
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Fia. 5-4. The pressure-transformation ratio between the meatus or the eardrum and 


the footplate of the stapes. 


A disturbing reduction of the pressure transformation, apparently due 
also to a stretching of the eardrum, arose from a slow drying of the 
temporal bone. It was found desirable to 


It is improbable that the tension of th 
to change the eardrum from a piston 
membrane. If a weak low tone is listened to with one ear 


lation between the sound oti 
: pressure acting on 
the stapedial footplate and the sound pressure acting on the eardrum, 


when the stapes is completely motionless, These measurements were 
made in a temporal bone that was specially selected and rapidly prepared. 
The broken eurve represents the pressure transformation as measured at 
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the entrance of the external meatus. The solid curve represents the 
condition when the pressure was measured immediately in front of the 
eardrum. "Though the frequency relations were similar in nearly all 
specimens, there were many temporal bones in which, despite all pre- 
cautions, the pressure transformation was one-third to one-fourth of this 
amount. It seems likely that prolonged disease conditions before death 
had produced changes in the middle ear. 

The frequency function for the pressure transformation between ear- 
drum and stapes shows that up to 2400 cps the eardrum communicates 
its pressure to the manubrium independently of the frequency. It 
follows that the natural frequency of the eardrum is relatively high. 

Form of Vibration of the Eardrum. Direct measurements of the 
vibrations of the eardrum by means of a capacitative probe indicated 
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Fic. 5-5. Equal-amplitude curves for Fie. 5-6. Cross-sectional 
eardrum vibrations at frequencies below view of the eardrum. 
2000 cps. 


that the whole eardrum vibrates as a stiff surface along with the manu- 
brium, as seen in the equal-amplitude curves of Fig. 5-5. In this motion 
the surface rotates about an axis at one edge. Because of this rotation 
the vibratory amplitude is greatest at the edge below the manubrium. 
The conical form of the eardrum acts so as to ensure a close coupling 
between eardrum and manubrium. At the same time it is neces- 
sary, just as in a dynamic loudspeaker diaphragm, that the mem- 
brane be easily movable at its edges. In fact it is found, as Fig. 5-6 
shows, that at the lower edge, in the region where the movement is 
greatest, there is a prominent rounded fold with a radius of curvature of 
0.5 to 0.8 mm. The great elasticity of the fold makes it possible for the 
membrane to be displaced without appreciable deformation. The fold 
often is not represented in the figures of anatomical handbooks, and in 
many specimens it is only weakly developed. It is likely that this 
particular portion of the eardrum loses its compliance as a result of disease 
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and drying, whereupon the eardrum ceases to act as a stiff piston and its 
transfer of pressure to the manubrium is reduced. 

Measurements showed that an area of about 55 sq mm out of the total 
area of 85 sq mm of the eardrum is stiffly connected to the manubrium. 
As the surface of the stapedial footplate is 3.2 sq mm and the lever arm of 
the ossicles has a ratio of 1.3:1, the pressure transformation has a theoreti- 
cal value of 22. 

Beyond 2400 cps the conical portion of the eardrum loses its stiffness, 
and the manubrium in its motion lags behind the motion of the adjacent 
portion of the membrane. 

Suspension of the Ossicles. Since in the measurements of pressure 
transformation the stapes remained at rest, it is elear from the foregoing 
that the middle portion of the eardrum also was stationary. Moreover, 
no changes were produced from opening the middle-ear cavity or cutting 
the tensor-tympani tendon. It is of interest also that only slight changes 

d were found after cutting the axial 
Axis of A li . : 
rotation Axial ligament igaments of the ossicles. It is espe- 
cially notable that this cutting of the 
axial ligaments had no effect upon 
Incus the vibratory amplitude of the stapes 
= when driven by a high-frequency sound 
~~ introduced into the meatus. This 

observation means that the axial 
ligaments do not play any part in the 
vibrations of the middle ear. This 
£ardrum Monubrium can be true only if the axial ligaments 

s or mateus coincide with the center of gravity of 

i 5-7. Lateral view of the eardrum the ossicles, so that the ossicles them- 
CS NM showing the axis of selves, by reason of their distribution 

1 : of mass, undergo rotations about this 
axis. In this manner nature has succeeded in establishing the rotational 
axis of the ossicles for the high frequencies in a precise way without any 
need for stiff ligaments. This explains the remarkable paradox that at 
high frequencies the ossicles vibrate in a precise way even though the 
whole system lies relatively free in the middle ear. The advantage of this 
arrangement is that no tensions are set up in the system through variations 
of friction in the suspension. 

In Fig. 5-7 it is apparent that what seems at first to be a superfluous 
mass of malleus head and incus is really necessary in order to make the 
center of gravity of the ossicles coincide with the axis of rotation of the 
ligament. E. Bárány (1) has already shown that this symmetrical 
distribution of mass about the axis of rotation is true for all mammals 
and operates particularly in the protection of the ear against vocal sounds 
transmitted by bone conduction. 

If the sound pressure at the external meatus is kept constant, there is a 
change for tones below 200 eps after the axial ligament is cut. The 
pressure transmission is unstable and varies according to the position of 
the temporal bone. This indicates that for the low frequencies, for which 
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the mass effects are small, the axis of rotation is determined by the liga- 
ments. It is likely, therefore, that the decrease of transmission often 
observed below 200 eps, as seen in Fig. 5-4, is due to a lack of stiffness of 
the ligamentous structure. 

Frictional Forces in the Middle-ear Mechanism. As the capacitative 
probe can easily be calibrated by means of an electrodynamie vibrator 
system, an attempt was made to measure the amplitudes of vibration of 
the stapedial footplate for constant sound pressures on the eardrum at 
various frequencies. The method is described in detail on page 97. 
For this purpose the amplitude of the carrier signal was kept constant, 
and the end of the probe was shifted along the footplate parallel to its 
surface until a maximal sound intensity was obtained, as indicated by the 
loudspeaker connected to the probe amplifier. Because the footplate in 
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Fig. 5-8. The transformation ratio in the absence of the cochlear fluid. The abscissa 
shows the stapedial amplitude in 1075 em for a constant eardrum pressure of 1 dyne 
per sq em. 


its vibration rotates about an axis at one edge, this procedure gave a 
measurement of the vibratory amplitude at a point farthest away from 
the axis of rotation. Figure 5-8 shows for various frequencies the mean 
values of vibratory amplitude observed in fresh preparations when the 
eardrum was stimulated by sound pressures of 1 dyne per sq cm. Though 
these measurements showed considerable variability and were particularly 
dependent on the conditions of humidity prevailing during the prepara- 
tion and the measurements, it is clear that the stapedial movements are 
related to frequency, and up to 2000 eps they fall off approximately in 
proportion to the frequency. d 

The edges of the stapes are held in the oval window by a narrow mem- 
brane, which limits the movement to little more than 0.1 mm. — Therefore 
it has been assumed up till now that the stapes 1s maintained in the win- 
dow by strong elastic forces, and that its displacements are in opposition 
to these forces. The decline of stapedial movements with the rise in 
frequency, however, suggests that for the middle range of tones the 
movement of the ossicles is determined principally by frictional forces. 
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The middle ear, it seems, acts as a movable piston with great friction. 
The friction is partly due to the dragging action of the middle-ear muscles. 

It appears further that the ossicular system, loaded with the cochlear 
fluid, constitutes a strongly damped vibratory mechanism with a natural 
frequency around 1400 eps. 

Unfortunately the measurements of impedance at the eardrum do not 
provide data on the movements of the manubrium, for the upper portion 
of the eardrum contains a yielding membrane (the pars flaccida) whose 
characteristics are included in the impedance measurements. 

According to Thévenin’s theorem, a complex vibratory system can 
always be replaced by a single vibratory element with a particular internal 
resistance (Firestone, 2). A calculation can then be made of the vibra- 
tory relations in an external system by the use of this internal resistance. 

In order to determine the internal resistance of the whole system con- 
sisting of the external meatus, eardrum, and stapedial footplate, it is only 
necessary to measure for constant sound pressure the velocity of move- 
ment of the stapes with the fluid loading removed and to divide these 
values by the forces required to cancel the stapedial movements. These 
forces at the middle of the stapedial footplate are obtained directly from 
the measurements of sound-pressure transmission, for in these measure- 
ments the pressures on the stationary stapes were obtained. These 


results gave an internal resistance for the middle range of tones of 
R = 1 X 10-* cm per dyne-sec. 


PHYSICS OF THE MIDDLE EAR* 


The auditory nerve fibers terminate on the basilar membrane, and it is 
through the vibrations of this membrane that auditory sensations arise. 
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Fia. 5-9. Schematic representation of the cochlea. 


Figure 5-9 shows in a schematic way how sound pressure entering the 
external meatus passes through the eardrum, ossicles, and stapes so as to 
act only on one side of the basilar membrane. The pressure is relieved by 
way of the round window. The aerial vibrations of the middle ear are 
prevented from acting directly on this window. Under these conditions & 


particular sound pressure produces a maximum movement of the basilar 
membrane. 


Bosilar membrane 


External 
meotus 


* Article 25 as listed in the Author’s Bibliography. Published in 1936. 
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Complete Absence of the Eardrum. If the eardrum is absent the sound 
pressure is able to reach the stapes and round window at the same time 
without hindrance, so that only the difference of pressure in these two 
pathways affects the basilar membrane. If the sound passes freely in the 
direction of the line connecting the stapes and round window and suffers 
no reduction in so doing, then the pressure difference is D = 2a sin xnd/c, 
when a is the amplitude of sound pressure, the frequency, c the velocity 
of sound, and d the distance between stapes and round window. The 
distance from the center of the stapedial footplate to the middle of the 


round window rarely exceeds d = 0.4 cm, so that the pressure difference 
takes values for different frequencies as shown in Table 5-1. 
TABLE 5-1 


[0711414 m 


Relation to normal threshold 


Frequency, 
cps Sin rnd/c Calculated Measured 
43,000 1 
10,000 0.35 
1000 3.6 X 107* 2.8 X 10 1.6 X 10* 
100 3.6 X 107* 2.8 X 10? 1.1 X 10? 
10 3.6 X 107* 2.8 X 10* 0.9 X 10 
Lad EEE i 


A sound of 43,000 eps has a half wavelength equal to the distance d, 
and therefore the pressure difference is twice as great as the pressure 
acting on the stapes alone (hence it is double that acting in the normal 
ear if we neglect the pressure transformation produced by the ossicles 
through their lever ratio). We can assume therefore that the pressure 
differences shown in the table (at least below 1000 cps, where resonances 
in the middle ear need not be considered) indicate the degree to which 
the action on the basilar membrane is reduced when the eardrum is 
absent. Actually the pressure difference is even smaller than this because 
the sound is not freely transmitted through the middle-ear cavity. 
Especially is this true at low frequencies for which the phase differences 
between the two windows become much smaller. Therefore, as the second 
column of the table shows, the tones up to 1000 cps suffer a raising of the 
threshold that is proportional to the frequency. K 

To determine whether hearing without the eardrum is the result of a 
pressure difference between the stapes and round window or whether it is 
due to something else, the threshold was measured on five persons with a 
Unilateral loss of eardrum, malleus, and incus and after an otological 
examination had shown that the inner ear was normal. In Fig. 5-10 
the short-dashed curve shows the mean values obtained for the normal 
ear, and the solid curve shows the means for the impaired ears. The long- 
dashed curve shows normal thresholds obtained in another study (page 
258). Here the ordinate represents the sound pressure at the eardrum or 
in the middle ear. It is especially to be noted that for the high tones the 
acoustical impedance of the auditory meatus can be greatly altered when 
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the eardrum is absent, so that erroneous results will often be obtained if 
the threshold is measured with an earphone without measurements of the 
impedance of the meatus at the same time. It must also be borne in 
mind that the noisiness of the room in which the measurements are made 
affects the two thresholds unequally. 
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Fig. 5-10. Thresholds for normal and impaired ears. 
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Fra. 5-11. Fluid pathways in ears without drum membranes, 


Figure 5-10 (as well as the last column of the table 
impairment of sensitivity become: 
fore something apart from the 


) shows that the 
8 greater as the frequency rises. There- 
pressure difference between stapes and 
round window must be considered as producing the effects. 

Anatomically it seems probable that when pressure is exerted on both 
windows at the same time the walls of the inner ear will not be completely 
unyielding, but that streaming of the fluid will be permitted by the various 


blood vessels. Figure 5-11 shows schematically the paths that the fluid 
may take outside the inner ear, 
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If we compare the possibilities for fluid flow on both sides of the basilar 
membrane and consider the number of capillaries and their lengths in the 
firm bony wall, it seems likely that the flow will be much easier on the 
stapes side than on the round-window side. (The vessels of the cochlea, 
which are not shown in the figure, are fully symmetrical on the two sides.) 
Therefore, if the same pressure acts on both windows, there will be a flow 
of fluid and a displacement of the basilar membrane which is just opposite 
in direction to that produced when the eardrum is present. Hence there 
is simply a phase reversal of the fluid motion in the cochlea without any 
change of form, because most of the paths permitting the flow of fluid are 
at the basal end of the cochlea. It follows that in this sort of hearing the 
tonal sensations are unaffected except for being reversed in phase. 

For constant pressure a sinusoidal oscillation of fluid in a capillary 
decreases as the frequency rises. Therefore it is to be expected that when 


Fic. 5-12. Arrangement for measuring phase reversal in an ear without a drum 
membrane, 


the eardrum is missing the sensitivity will become poorer as the frequency 
increases, as the measurements have indicated. , 

The phase reversal can be demonstrated in the perception of the 
direction of sounds. For this purpose it is convenient to employ rotating 
tones of about 200 cps. The arrangement is shown in Fig. 5-12. 

By means of attenuators Æ, and Æ» the loudness of two tones of 200 and 
200.3 cps was adjusted for equality, with the switch S operated so as to 
Present the tones alternately to the two ears of the subject with one 
eardrum missing (shown in the lower sketch with the defective ear 
indicated as black). The other observer, both of whose ears were normal, 
also made an adjustment of equality by clamping the tubes running to 

is ears. When this was done, the switch S was placed in its lower 
Position so that both tones were heard simultaneously. The subjects 
Perceived a single tone that shifted back and forth inside the head from 
One ear to the other in accordance with the phase relation (cf. Hornbostel, 
d) When the position of the tone at any moment was indieated by 
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pointing with the finger, it became clear that the two observers showed a 
phase difference of 180°. If two observers whose ears were normal on 
both sides were used, their pointing showed phase agreement. The 
success of the experiment depended upon careful equating of the loudness 
on the two sides, and on the use of tones that were completely free of 
overtones. The adjustment for equality of loudness was made easier if 
separate loudspeakers and attenuators were used for each ear, though in 
this case it was necessary to give attention to the polarity in connecting 
the speakers. 

After the phase shift in the defective ear had been established, this ear 
was fitted with an artificial eardrum. Thereupon the shift disappeared 
and the ear behaved normally. If the edges of the eardrum were still 
present, it was possible to insert a wad of cotton soaked in paraffin oil so 
that it closed the opening and made contact with the stapes. This sort 
of eardrum gave a significant improvement of acuity for low tones, though 
on account of the large mass the acuity for tones above 1000 cps was made 
worse. An improvement of hearing could also be produced by covering 
the round window with an oil-soaked cotton plug so that the sound waves 
no longer impinged upon this window. As R. Bárány indicated, this 
procedure gives a considerable improvement of hearing because an air 
layer remains between the window and the cotton plug, and the mobility 
of the window is not impaired. Also in these ears there is a normal 
fluid motion in the cochlea. 

If both eardrums were missing, the phase perception was like that of 
the normal ear. If an artificial eardrum was inserted on one side, there 
was a phase shift. If artificial eardrums were applied to both ears, this 
shift disappeared. 

Hearing with a Perforated Eardrum. It is known from the investiga- 
tions of Waetzmann (7) and Langenbeck (2) that normally the two ears 
of an individual are alike in their threshold sensitivity over the fre- 
quency range. Therefore it is possible to evaluate the effects on trans- 
mission of a mechanical injury in one ear by comparing the thresholds 
obtained in the two ears. 

Such measurements showed that a lens-shaped tear of the membrane, 
extending from the end of the manubrium to one edge and having a width 
of 2mm, had no noticeable effect on thresholds from 50 to 4000 eps except 
to alter slightly the small deviation in the frequency function. Below 
50 eps there was a slight impairment, which reached about 15 db at 5 eps: 

In order to study these unexpected phenomena more thoroughly, & 
small mirror was applied to the malleus of a fresh cadaver ear by working 
through the external meatus, much as was done by Kóhler (1) on à 
living subject. It was hoped that by reflecting a light beam from this 
mirror the changes of vibratory amplitude of the ossicles as a result of a 
perforation could be determined. Unfortunately it was found difficult 
to place a mirror of 0.5 sq mm (which was suitable for optical recording) 
in this position and to determine its angle of inclination. 

"Therefore, as Fig. 5-13 shows, the meatus was drilled through from 
below close to the eardrum, in the manner described on page 30, so that 


THE ACTION OF THE MIDDLE EAR 109 


the mirror could be cemented to the manubrium. The edges of the drill 
hole were covered with thick petroleum jelly to fill all openings in the 
bone, and a metal ring carrying a glass plate was sealed in the opening. 
The sound was introduced into the meatus by means of a small olive as 
usual. 

In a completely fresh preparation 


iL Heod of molleus 
the vibratory amplitudes of the 


-Eordrum 


manubrium were measured as a fune- wifh mirror 
tion of frequency, with sound pressure 
in the meatus kept constant. Then 
a hole of 1 sq mm was made in the 
inferior portion of the eardrum and 


the measurements repeated. The 
results over the frequency range are 
shown in Fig. 5-14. It is plain that 
over the upper range of frequencies 
down to 100 eps this opening had no 
significant effect upon hearing. 

The reduction of the stapedial 
vibrations depends not only on the 
size of the hole but also on the volume 
of the middle-ear cavity and thecom- Fie. 5-13. Method of making a lateral 
pliance of the eardrum. By means opening in the meatus. 
of an acoustic bridge the volume : 
of the middle-ear cavity of a cadaver specimen was measured at a fre- 
quency of 10 cps. This volume for males was 2.0 cu em on the average. 
These measurements were made also in persons lacking one eardrum, with 


similar results. The range of the measurements was 1.2 to 3.5 cu em. 
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Fra. 5-14. The effect of an eardrum perforation on the amplitude o f 
ossicles. The amplitude is shown relative to that observed before the perforation, 


with sound pressure kept constant. 


The portion of the middle ear occu 
0.5 to 0.8cu cm. The further enlargement 
this part of the ear connects with air ce 
wall, especially in the so-called mastoid process. 


pied by the ossicles had a volume of 
of the volume occurs because 
lls in the surrounding bony 
These air cells, shown 
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schematically-in Fig. 5-13, vary greatly in size in different persons and 
often are so small that it would be proper to say that a portion of the 
middle-ear cavity is lined with a sound-absorbent material. In any 
event, this structure reduces the resonance of the cavity. 

If the acoustic impedance of an air volume equal to that of the middle- 
ear cavity (2.0 cu cm) is compared with the impedance of the eardrum as 
measured in living persons at low frequencies, it is found that the two are 
essentially the same, apart from a small phase angle (Sivian). It follows 
that the impedance of the eardrum as measured from the meatus not only 
includes the elastic properties of the membrane but is greatly influenced 
by the middle-ear cavity acting as an air cushion. As the membrane of 
the eardrum is very compliant relative to the elastic forces of the middle- 
ear cavity, it is understandable why a perforation has such a small 
influence on the vibratory amplitude. 

As an air volume does not produce any nonlinear distortion it is also 

clear why, contrary to expectations, the middle ear has such slight 
nonlinearity. If the middle-ear cavity is opened with a drill and the 
eardrum impedance is then measured, a fresh, well-humidified preparation 
will give values equivalent to the impedance of an air volume usually: 
exceeding 8 cu em. This value varies greatly according to the humidity 
of the air and can serve only as a general indication. 
i It is to be hoped that it will be possible sometime to introduce a catheter 
into the middle ear by way of the Eustachian tube and by this means to 
make a measurement of the true value of the impedance of the eardrum 
af the living person. 

Transient Vibrations of the Eardrum. For an understanding of the 
form of vibration of the ossicles it is important to know whether, in the 


disturbing reflections 
be to the meatus and to keep the 
The spark was produced by a static 
y : varied by the use of various sizes of 
Leyden jars. If there is any scintillation of the electrodes the pressure 
pulse will be mixed with- noise. This is usually due to humidity and is 
avoided by a general heating of the T tube. It is further desirable to 
connect to the T tube a narrow capillary C, which prevents a variation of 
static pressure in the tubes during the heating and thus protects the 
eardrum. 

The meatus was provided with a lateral window, as described earlier, 
through which a mirror with an area of less than 0.5 sq mm could be 
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applied for oscillographie observation of the vibrations of the manubrium 
and eardrum, 

The left-hand portion of Fig. 5-16 shows the transient vibrations of the 
lower part of the eardrum, and the right-hand portion of this figure shows 
the vibrations of the manubrium. Repeated observations indicated that 


2 meters 


Fig. 5-15. Arrangement for applying a pulse to the eardrum. 


the natural frequency of the middle ear was between 800 and 1500 eps, 
as obtained by Frank and as observed on living persons (page 315). 
There are hardly noticeable changes in the course of time under proper 
conditions of humidity. As expected from the fact that the eardrum is 
only 0.1 mm thick, it dries out much more rapidly than the ligaments. 


Interior portion of the eardrum Monubrium of the malleus 
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Fra. 5-16. Transient vibrations of the eardrum and the manubrium 


The two curves show that strong overtones arose in the eardrum, 
though these were somewhat reduced at the manubrium. If some cotton 
was introduced into the tube leading to the ear the sharp onset of the 
pulse was reduced somewhat, and the overtones were no longer elicited. 
In this way, as Fig. 5-17 shows, transients were observed that were exactly 


of the malleus. 
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like those obtained in the living ear by a clicking of the Eustachian tube. 
However, the first half-wave is still not to be regarded as a completely 
free vibration. 

Protection of the Middle Ear against Excessive Sounds. Just as the 
eye is protected against blinding light by the iris, we would expect that 
the middle ear with its highly developed structure would protect the 
inner ear against excessively strong sounds. In general it is assumed 
that this purpose is served by the two tympanie muscles, and especially 
the tensor-tympani muscle that connects the middle of the eardrum to the 
inner region of the head. The reflex contractions of the tensor-tympani 
muscle cause a diminution in the loudness of sounds, Yet Geffeken in 
measurements of the impedance of the eardrum found only slight changes 

— : in the vibratory characteristics of the 

"iem eardrum as a result of voluntary 

contractions of the tensor. Likewise 
an air pressure of 10 em of water 
produced only a 10 per cent reduc- 
tion of the amplitude of vibration of 
the eardrum. 

In a fresh temporal bone it was 
observed that as rigor mortis set in, 
in which all the muscles became 
strongly contraeted, the vibratory 
amplitude of the eardrum and ossicles 
in response to a constant sound pres- 

| sure was reduced at most to only a 
| third, though to be sure only a single 
| TW. Y Observation was possible. There- 


^ : 
$ 4 5 foreit seems that the tensor contrac- 


Time, milliseconds tion can have only slight effective- 
Ne Ri? Tare ness i ti inst s 
Fra. 5-17. The lowest natural vibrations ves in Protecting against sound 
Gf the manuhrim, pressures that extend over a wide 


range of magnitudes, 


cal axis running through the posterior 
edge of the footplate. In this rotation the fluid is pressed into the 


cochlear canal, especially by the anterior portion of the footplate. 
If the amplitude of motion of the eardrum was made still greater, this 
form of vibration finally came to a sudden end and consistently went over 
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stapes is rather small, this is a means of limiting the transmission of an 
excessive vibration of the eardrum to the fluid of the inner ear. 

For frequencies above 100 eps the transition from one form of vibration 
to the other takes place in such a way that for large sound pressures the 
two are superimposed, and for further inereases of sound pressure there is 
an extensive range of increase in the fluid displaced into the cochlear canal. 
For the low frequencies, however, especially those below 20 eps, which 
most often occur in nature in the form of thunder and windstorms, the 
two forms of vibration are sharply separated. Therefore, when the 
pressure is great a further increase of sound pressure leads to a diminution 
in the fluid displacement in the cochlear canal and hence a reduction of 
loudness. These loudness reductions have been observed for tones of 
5 and 10 eps (page 263). The end point of the loudness increase coincides 


Point of 
rotation- 


(a) (6) 


Fic. 5-18. Forms of vibration of the ossicles; (a) shows the form at intensities below 
the threshold of feeling and (b) the form at intensities above this threshold. 


exactly with the sound pressure at which the change of the form of vibra- 
tion is observed in a fresh specimen. i nd s 

This important change in the form of vibration of the ossicles for 
excessive sound pressures is made possible because the ossicles do not 


vibrate about a fixed rotational axis, but about a point formed by the 


short "e i d the wall of the middle ear. The freedom 
rap praoca = O by reason of the fact that the 


of the ossicular vibrations is increased no TE ETER 
vibratory axis of the stapes is inclined about 20 to 35° from the vibratory 


plane of the malleus and incus. Thus we begin to understand the form 
of the middle ear, which otherwise seems unnecessarily complex. 
Because the jointed ossicles of the middle ear have been constructed 
for the protection of the inner ear, à difficulty arises in the transmission of 
vibration from one ossicle to the next. A distortion could easily appear 
at the joint. If the contact pressure between two vibrating bodies is 
smaller than the accelerating force acting during the vibration, the two 
bodies will separate and the result is like the well-known phenomenon of 
the bouncing sand grains on & vibrating plate (Andrejew; Strutt, 7). 
If the vibrations are small, the elastic ligaments are able to exert a pres- 
sure that is sufficiently great that no special measures are necessary. For 
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larger vibrations, however, this is no longer true and it becomes clear 
why muscles are ‘present in the middle ear that work opposite to one 
another and press the stapes against the incus while, at the same time, 
the other ligaments are stretched. 

The accelerating forces for sinusoidal vibrations are proportional to the 
amplitude and to the square of the frequency, and hence it is to be 
expected that these two muscles will respond especially for the high tones 
and contract more vigorously as the sound pressure increases, as actually 
is the case. 

The maximum acceleration forces in the middle ear for which no distor- 
tion should occur are given by the pain and tickle thresholds and are of 
the order of 20 grams (19,600 dynes per sq em). To test whether the 
tensor-tympani muscle can produce a force of this magnitude, measure- 
ments were made on a person who was able to contract the muscle 
voluntarily. With a tone of 400 cps, for example, the changes of 
impedance of the eardrum were determined, and this change was com- 
pared with that produced by a constant air pressure. The observations 
were concerned especially with the elastic component of the acoustic 
impedance, and it was found that the tensor contraetion was equivalent 
to an air pressure of 10 to 20 cm of water, as the conditions require. 

Anatomically it is interesting that each of the middle-ear muscles is 
enclosed throughout its length in a narrow bony canal. This is necessary 
to permit the muscles to produce only a pull and not be set into vibration 
themselves, for otherwise subharmonies would be produced in the middle 
ear (Müller-Pouillet). 

When the pump that produced the low-frequency variations of air 
pressure was connected not only to the meatus of the specimen but also to 
a manometer and to the meatus of a subject, it was observed that the 
appearance of the second form of vibration in the cadaver corresponded to 
the arousal of sensations of pain in the living ear. 

In the frequency region of 0.5 to 10 eps almost all subjects report that 
the pain threshold arises through contact or friction between two surfaces 
in the middle ear. Especially for long-continued action of pressure 
there is an impression that some partieular small surface has become 
chafed. It is possible that in the changing of the forms of vibration the 
ligaments and joints of the ossicles are excessively stretched and pain is 
thereby elicited. It is even more likely, however, that in the rotation of 
the stapes about its longitudinal axis the two erura come in contact with. 
the lateral walls of the middle ear, because the stapes, as Fig. 5-19 shows, 
lies deep in a narrow niche. This figure shows the two crura of the stapes 
and the right and left side walls of the niche. The actual distance 
between the crura and the right wall is even smaller than indicated, for 
in this specimen the mucous membrane on the bone was intentionally 
dried out in order to make the two crura more visible. The same rela- 
tions are seen in a microscopic section prepared by Keith (see Wrightson). 

It may be assumed that the limited width of the niche provides a limit 
to the lateral amplitude of vibration of the stapes, for the observations 
showed that despite strong amplification of the vibrations of the eardrum 
the lateral movement of the stapes remained constant and the vibrations 
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were dissipated in the ligaments of the malleus and incus. This condition 
provides further insurance against excessive vibrations. However, à 
movement in the joint between malleus and incus could not usually be 
observed (cf. Helmholtz, 2); this joint is apparently ankylosed. 

The stapes is close to the wall, especially on the right side, so that once 
every vibration a contact is made. It could be shown with a manometer 


Manubrium of the malleus Stopediol joint 


r. 


Footplate of the stapes : 
Frc. 5-19. Position of the stapes in the middle ear. 


that for a sound of 1 cps a break appeared during every cycle at the 
pressure maximum, in full agreement with the anatomical observations. 

The sensations of contact are to be distinguished from the pain sensa- 
tions. They provide a general feeling of pressure over the whole surface 
of the meatus, the eardrum, and the middle ear. 


DIFFERENCES IN SOUND PRESSURE BETWEEN THE 
COCHLEAR WINDOWS* 


In the normal ear the vibrations of the eardrum are transferred by the 
ossicles to the oval window. As indicated above (page 100), the mecha- 


* Article 48 as listed in the Author's Bibliography. Published in 1947. 
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nism of the middle ear is such that the pressure amplitude on the foot- 
plate of the stapes is about twenty times greater than the pressure ampli- 
tude at the eardrum. The magnitude of this pressure transformation is 
independent of frequency up to about 2400 eps. Because the pressure 
on the footplate of the stapes is much greater than at the eardrum or in 
the middle ear, it is this pressure that determines the vibration of the 
cochlear fluid. 


Diaphragm of the differential microphone 


// —Round window 


MM 
Meatus 
Sound — 
pressure 
Rim of the eardrum 


Fig. 5-20. Schematic representation of the ear without the conductive apparatus. 


_ In the absence of the eardrum there will not be any pressure transforma- 
tion, Then, as Fig. 5-20 shows, the sound pressure is exerted on both 
oval and round windows. 

A static pressure would be impressed equally on the two windows, 
according to the fundamental law of hydrostatics. There would be no 
displacement of cochlear fluid from one window to the other. A sound 
pressure, however, may act differently on the two windows. Because 
these windows are at different distances from the auditory meatus the 
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Fra. 5-21. The pressure differences Ap existing in a progressive wave at points 4 mm 
apart, expressed in relation to the pressure p at one point. 


sound may not reach them at the same time. Because the distance 
between the two windows is small, the pressure difference is small also. 
To estimate its magnitude we can consider the sound field in a tube at 
two points separated by 4 mm along the longitudinal axis, This distance 
corresponds to the distance between the centers of the two windows. 
Figure 5-21 shows, for various frequencies, the relation between AP, 
the pressure difference between the two points, and p, the pressure at one 
of them. At 100 eps, for example, Ap is less than 1 per cent of p, and 
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so if this condition held for the ear the applied sound would be very 
ineffective. 

Actually, the middle-ear cavity forms a resonance chamber, and it is 
to be expected that the pressure difference between two points within this 
chamber will be even smaller than along a tube. Because of the irregular 


form of the cavity and the many niches in which the sound can be 
absorbed, the pressure difference between the oval and round windows 
cannot be determined theoretically. In previous literature it was often 
concluded on geometrical grounds that the sound pressure was smaller at 
the round window than at the oval window because the round window lies 
in a niche. However, as the wavelength of a sound is large compared 
with the dimensions of the niche, this conclusion is invalid. 


Sometimes when the eardrum is missing the person suffers a much 
smaller impairment of hearing than would be expected on theoretical 
grounds, "Therefore it is necessary to measure the actual pressure 
differences that occur at various frequencies. Such measurements are 
of particular interest in middle-ear cavities that have been enlarged by 
surgery. 

Mens of the Pressure Difference by the Reciprocity Method. 
As Fig. 5-20 shows, it would be possible to measure the pressure difference 
between the two windows with a differential mierophone connected to the 
two windows by two small tubes. However, the pressure difference is 
small in relation to the whole pressure, and such a differential microphone 
would have to fulfill exceedingly severe conditions of symmetry and would 
be difficult if not impossible to construct. Also, the microphone capsule 
adds a new cavity to the middle ear. Unless this cavity is small relative 
to the middle-ear cavity, i.e., has a volume of only a few cubic millimeters, 
the whole distribution of sound pressure in the middle ear will be altered. 
It does not seem feasible to produce differential microphones of sufficiently 
high sensitivity and impedance, and for this reason it has not been 
possible in the past to make such measurements. . 

These difficulties can be overcome, however, by employing Helmholtz's 
principle of reciprocity (see Rayleigh). According to this principle, if a 
microphone is acted upon by a sound source by way of some system that 
is able to vibrate, there is no change in the aeting force if the sound 
Source and microphone are interchanged. 

In order to measure the difference in sound pressure between the two 
windows of the cadaver preparation shown in Fig. 5-20 the two symmetri- 
cal microphone capsules were replaced by two identical loudspeakers. 
Those speakers were made to produce identical sound pressures but in 
exactly opposite phase. The phase opposition corresponds to the dif- 
ferential effect. If now a condenser microphone was connected with the 
meatus, it was possible to calculate the pressure difference between the 
two windows from the intensity recorded by the microphone. 

If the paths taken by the sound from the two loudspeakers to the 
microphone at the entrance of the auditory meatus are exactly the same 
there will be complete silence at the microphone because the two sounds 
are equal in amplitude but opposite in phase. The sensitivity of the 
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system is limited by the sensitivity of the condenser microphone. Since 
the sensitivity of the human ear is greater than that of any microphone, 
it is better to replace the microphone with the ear of a subject. However, 
the ear of a subject is not satisfactory for direct measurements of sound 
pressure. Therefore the procedure was changed, and the ear was used as — 
a null indicator. The sound pressure in one loudspeaker was adjusted in — 
amplitude and phase until no sound was audible from the meatus of the — 
preparation. The change of amplitude from equality that was required — 
to obtain silence showed directly the difference in amplitude between the 
two windows, and the necessary change in phase represented the phase 
difference. 

The loudspeakers had to be connected to the windows without any 
increase in the volume of the middle ear. This was accomplished by 


r Dı 


Attenuator 


Fic. 5-22. Apparatus for measuring the difference in sound pressure between oval and 
round windows. 


Inserting a narrow capillary between window and loudspeaker. Capil- 
laries 10 mm long and of about 0.1 mm inside diameter were used. 
Through these capillaries the sound pressure was delivered to the middle 
ear. The energy loss was compensated by increasing the current to the 
loudspeakers, The frictional resistance of the capillaries prevented any 
significant change in the effective volume of the middle ear. 

The arrangement of the apparatus is shown in Fig. 5-22. An arc 
generator supplied the two attenuators bı and b», which were connected in 
series. Attenuator b; operated a dynamic-horn type of loudspeaker Di 
connected to one capillary. The other attenuator b» was followed by & 
phase shifter and an amplifier, and operated a second loudspeaker Dz 
connected to the other capillary. The phase shifter consisted of two 
resistances p and p, a resistance R, and a condenser C. The value of 2p 
was made equal to the impedance of the attenuator. The condenser € 
was made as small as possible to prevent a shorting of 2p through C and 
R. The amplifier had an extremely high input impedance. The phase 
of the current through D; was changed relative to the current through Dv 
by varying the resistance R without any change in the amplitude. 1 
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If w is the angular frequency of the alternating current and dR is the 
change in resistance of the phase shifter, the phase change da in 
radians is 


WC E 
da = 1+ wR? dR (5-1) 
It is advisable to keep R as small as possible. This can be done by 
shifting the phase by means of a condenser Co. When R is small the 
above formula is simplified to 
da = wC dR (5-2) 


Attenuator b; must be adjustable to 0.001 db, which is accomplished 
by a series resistor r as shown. The amplifier must have a large amount 
of negative feedback to give it suf- 
ficient stability for the precision 


required. Capsule for the 
Technique of the Measurements. symmetrical 
connection of the 


To measure the pressure difference 
between the two windows the two 
loudspeaker systems were first ad- 
justed to give sounds of the same 
amplitude but opposite phase. The 
loudspeaker systems were con- 
structed so as to be as symmetrical 7, 
as possible and were connected toa — 75;5e eor of 
small capsule as shown in Fig. 5-23. — /^e observer 
Attenuator b; and resistance R were 
adjusted until nothing was heard 5 
the rubber tube leading from the j 5 
capsule. The sound from one loud- MM pecie plus deserun. 
speaker was then completely ab- opposite phase. 
sorbed by the other loudspeaker, and 
none could enter the ear. The amplitudes of the speakers were then 
equal but of opposite phase. : 
Non the oa were connected to the oval and round windows 
in the manner indicated in Fig. 5-24. In order to place the loudspeakers 
in an exact manner at the two windows, short pieces of brass tubing were 
cemented in the windows with dental cement, as shown. The joints were 
made airtight with petroleum jelly. Listening was done with a tube 


connected to the meatus of the preparation, and in general a tone was 
ent of attenuator b; and resistance Æ was 


then heard, and a readjustm: 

necessary = restore m null, The change Ab; then represents the 
intensity difference and the change AR represents the phase difference in 
the paths from the windows to the meatus. ; 

Control Experiments. A test of the arrangement, described above was 
carried out by measuring the velocity of propagation of sound along a 
tube with a constant inside diameter. The propagation of sound along 
a tubular conduit is well known, so that both its velocity and attenuation 


Joudspeoker 


Fig. 5-23. Arrangement for adjusting 
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can be calculated. As it is necessary to have a sound field that is free of 
reflections, a brass tube with an inside diameter of 7mm and a length of 6 
meters was used, with one portion containing thin cotton yarn in increas- 
ing amount toward the end, as shown in Fig. 5-25. The yarn served to 
absorb the sound and thereby to prevent reflection from the end. The 
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Fia. 5-24. Connections of the loudspeakers to the middle ear. 
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Rubber tube to 
the observer 


D2 
Fra. 5-25. Measurement of sound velocity in a tube by the reciprocity method. 


other end of the brass tube was connected to the ear by a rubber tube. 
Near this end were two small openings 5 mm apart to which the two 
loudspeaker capillaries could be fitted. The adjustment for a null as 
described above gave the change of sound velocity and of phase over the 
distance of 5 mm. These measurements agreed with the calculate 
values within 5 per cent for tones between 200 and 3000 cps. The 
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precision was limited by the harmonie content of the sound, and thus by 
the oscillator and filters available. Closing the far end of the tube had 
no effect on the adjustment, which proved that there were no disturbing 
reflections. 

Sound-pressure Differences between Oval and Round Windows. 
For these measurements fresh temporal bones were used in which all 
openings made during dissection were closed with dental cement. The 
tube leading from the meatus of the specimen to the ear of the listener 
was kept as straight as possible, since a departure from the axis of the 
meatus can cause a phase change. 
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Fic, 5-26. The pressure difference Ap between oval and round windows, relative to 
the pressure p in the meatus. This relation is shown as a ratio (left-hand. ordinate), 
in decibels (second ordinate on the left), and as a total loss of hearing in decibels 


(right-hand ordinate). 


Results of the pressure measurements are shown in Fig. 5-26 for tones 
from 250 to 3000 eps. There are three ordinate scales; the one on the far 
left represents the pressure difference at the two windows relative to the 
total pressure, and the next one represents the same variation in decibels. 
However, this seale does not show the complete loss of sensitivity, for 
when the middle-ear mechanism is intact there is a twentyfold pressure 
transformation between eardrum and stapes, which gives a gain of 26 db. 
Therefore if a comparison is made of the pressure difference as measured 
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Fia. 5-27. The phase differences between oval and round windows. 


and that existing in a normal ear it is necessary to add 26 db to the loss, 
as shown by the scale on the right. With increasing frequency the 
Pressure difference between the two windows becomes greater, and at 
3000 eps it is as much as one-tenth of the sound pressure in the meatus. 
hase differences between the two windows are shown in Fig. 5-27. 
These results show the hearing loss that should appear after loss of the 
eardrum if the pressure difference between the two windows is the 
determining condition. This loss should be about 60 db for tones below 
500 cps, and somewhat less for higher tones, approaching 45 db at 3000 
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eps. However, in elinieal practice such great losses are not observed 
after a simple loss of the middle-ear apparatus. It follows that the 
determining condition is not the pressure difference between the two 
windows. In fact, there is evidence that displacements of the cochlear 
fluids can arise through different mechanisms when the eardrum is lacking 
(page 105). It is possible also that the mechanism changes with fre- 
quency. To decide among the different possibilities, the loss should be 
calculated for the various possible mechanisms and the one chosen that 
gives the smallest loss. This mechanism then will determine the thresh- 
old of audibility. 

If the tegmen tympani was opened and the incus and stapes removed, 
and finally the opening of the tegmen was closed, the freely vibrating 
eardrum was left at the end of the meatus. Under these conditions there 
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on the canal 
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tympani 


Fic. 5-28. The resonance chambers of the middle ear. 


was an additional hearing loss of 1 to 5 db. In this experiment it was 
necessary to work in a humid atmosphere, because even slight drying of 
the eardrum produced still larger losses. 

Hearing after Labyrinthine Fenestration. If the distance between the 
two windows is increased, there should be an increase in the pressure 
difference between them. Therefore it is of interest to determine the 
magnitude of hearing losses to be expected after labyrinthine fenestration. 
To that end the oval window was filled with plaster, and an opening was 
made in the ampulla of the horizontal semicircular canal. The new 
opening was located on the line connecting the oval and round windows 
and in such a way that the oval window was halfway between it and the 
round window, as Fig. 5-28 shows. The distance between the round 
window and the new one was about 8 mm. Measurements were then 
made in the same way as before, with results shown in Figs. 5-29 and 5-30. 

The ordinate of Fig. 5-29 shows the sound pressure at the artificial win- 
dow in relation to the sound pressure at the round window for three 
different temporal bones. "There were large differences among ears, an 
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the dotted curve shows one in which the sound pressure between the 
windows varied little below 1500 eps. Figure 5-30 shows the same results 
expressed as the ratio between the pressure difference at the two windows 
and the pressure in the meatus. Here the dotted curve shows a total 
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Fra. 5-29. The ratio between the pressure at the artificial window and that at the 


round window. The three curves represent different ears. 
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Fra. 5-30. The pressure difference Ap 

the pressure p in the meatus, shown as a ratio 
(second ordinate), and as a total loss of hearing in 
The three curves are for different specimens. 


hearing loss around 55 db for tones below 1500 eps. In contrast to this 
ear, several others showed surprisingly large pressure differences. At 
times the pressure difference between the two windows reached the order 
of magnitude of the pressure in the meatus, and then the hearing loss was 
due mainly to the absence of the pressure transformation by the middle- 
ear mechanism. In one ear, for example, a total hearing loss. of only 
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30 db was observed in the region of 500 to 3000 eps. Such hearing losses 
are often observed after fenestration operations in persons who do not 
suffer also from nerve deafness, and it is probable that in them the hearing 
depends upon the pressure difference between the windows. 

From a physical point of view it is puzzling that the pressure difference 
between the two windows can be of the same order of magnitude as the 
sound pressure in the meatus. The anatomical conditions suggest that 
the cavities of the mastoid process and the surrounding bones may be 
responsible. Unfortunately the pneumatization varies so greatly in 
different temporal bones that it is diffieult to arrive at any general 
conclusion. It can be stated, however, that the hearing losses increase 
with decreasing pneumatization. From Fig. 5-28 it may be seen that 
the round window is in the direct path of the sound from the meatus, 
whereas the artificial opening is situated at the mouth of a large resonance 
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Fia. 5-31. The phase differences between the pressures at round and artificial windows 
for the three specimens shown in Fig. 5-30. 


the mastoid process. It is through this difference of location that the 
pressure difference between the two windows arises. 

Measurements on a Model to Show the Effect of Pneumatization. ^ 
model of the middle ear was made, as shown in Fig. 5-32. It consisted of 
a plate 2 mm thick with two openings 12 mm in diameter. The openings 
were connected by an isthmus 6 mm long and 3 mm wide. A cover 
contained a simulated round window placed over one opening and an 
artificial window over the isthmus. To one opening was connected à 
tube representing the external meatus, and to the other an adjustable 
resonance chamber with a volume V representing the cavity of the 
mastoid process. It was hoped in this way to simulate the main res0- 
nance chambers of the ear. 

The pressure ratios obtained with this model, for two different volumes 
of the mastoid process, are shown in Fig. 5-33. If a small piece of cotton 
was placed in the adjustable cavity, the resonance curve was flattened and 
curves were obtained similar to those of Figs. 5-30 and 5-31. Thus the 
behavior of the actual temporal bone could be imitated perfectly. If the 
whole cavity was filled with cotton, the resonance ceased and the pressure 
difference between the two windows became small, with a total hearing 
loss of 60 db for the whole frequency range. 

As the resonance was at 1500 eps when the mastoid cavity was given & 
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volume of 1 eu em, it can be expected that when the middle-ear cavity is 
enlarged by surgery the sensitivity will be even greater for the low fre- 
quencies. The clinical implications are obvious. 

Previous measurements of the impedance of the auditory meatus at 
low frequencies (10 to 50 eps) showed that for a normal ear the volume of 
the middle ear was 2 cu cm. This figure agrees well with the present 
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effect on the impedance at these frequencies. Itis not possible, however, 
to draw any conclusions regarding the pressure differences to be expected 
after a fenestration operation from the degree of pneumatization only, 
because the magnitude of the isthmus is also of importance. 

The middle-ear model showed phase differences between the round and 
artificial windows. These are given in degrees in Table 5-2 for two 
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different sizes of the mastoid cavity. The small values of phase were 
calculated by use of Eqs. (5-1) and (5-2) and the larger ones from the 
equation tan a/2 = 1/wCR. If eC is kept constant for various fre- 
quencies, the phase is the same for a given value of R, and a table can be 
used for systematie measurements. 


TABLE 5-2 
Frequeney, eps............. 250 350 500 600 800 900 1000 1200 1500 1800 2000 2500 3000 
V = 0.5 eu em.... ,. 0.9 0,06" 2.5* 1.25 1.0" 3° 3° 36° 7° 29° 134° 105° 95° 
Y =10cuom............. 0.4° 0.69 2,0° 1.2° 1.59 6° 7° 17,0° 145° 172° 150° 13° 4° 


When the middle-ear model was filled with hydrogen, its resonances 
were displaced toward the higher frequencies, and the total hearing loss 
for tones below 1500 eps was increased to 60 db. However, in the actual 
temporal bone the resonance curves were more flattened, and filling with 
hydrogen had less effect. 


CHAPTER 6 


BONE CONDUCTION 


A few years ago the investigation of hearing by bone conduction was 
very promising, for it seemed possible that the vibrations of the basilar 
membrane were different for hearing by this means than for hearing by 
air conduction. Such a difference would have provided an opportunity 
for a decision among the different theories of hearing. This hope faded 
away when it was found that a tone presented by bone conduction can 
be completely canceled by a tone transmitted to the ear by air conduction, 
so that nothing at all is heard. From this observation we have to 
conclude that the vibratory patterns of the basilar membrane for both 
types of sound transmission are exactly the same. This conclusion 
holds at least for the frequency range of 100 to 10,000 cps, which is the 
range covered by the cancellation experiments. 

Though we must conelude that the final processes of stimulation by 
bone conduction are the same as those for air conduction, the transmission 
to the inner ear is different, and a study of this form of bone conduction 
is important in the diagnosis of diseases of the ear. Therefore the 
vibratory patterns of the skull were investigated, and it was found that 
the forehead is the most favorable place for stimulation. It was found 
further that the relative movements between the jaw and the skull are 
of importance in bone conduction, and that several of the effects can be 
explained on the assumption that the jaw produces an alternating pres- 
sure on the external auditory meatus and the bony capsule of the middle 
ear. On this assumption we can account for the fact that an occlusion 
of the meatus increases the loudness of bone-conducted tones. 

,, Another problem has to do with a person’s hearing of his own voice. 
The question here is why the voice does not seem much louder than it 
does, in view of the fact that the vibrations of the throat are very large, 
which can easily be noted on touching the larynx. Tt was found that the 
attachment of the middle-ear ossicles and the distribution of their mass 
is such as greatly to reduce the sound transmitted from the throat to the 
inner ear. This reduction is not complete, however, and in some degree 
the voice is heard by bone conduction. When a person hears his voice 
as recorded by phonograph, it sounds strange to him, because the record- 
ing includes only the aerial waves, whereas he is accustomed to hearing 
these sounds with bone-condueted vibrations superimposed upon them. 

A further matter of practical importance is the maximal attenuation 

Of sound that can be obtained with an earplug. During the Second 
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World War people in almost every country worked on this problem, and 
there was general agreement that 35 to 40 db of attenuation in the middle 
of the frequency range is about the maximum obtainable. No better 
attenuation can be obtained by a plug in the meatus because a certain 
amount of sound is transmitted to the skull direetly from the air. To 
determine the theoretical maximum of this attenuation, observations 
were made of the vibrations of the skull in a free field. The measurements 
gave new hopes for the design and construction of sound-attenuating 
devices to be applied to the human head. 


NATURE OF BONE CONDUCTION* 


A vibrating body can be heard in two different ways. Its movements 
can be transmitted through the air to the tympanic membrane, or it can 
be brought into direct contact with the bones of the skull. "The following 
discussion will be concerned with the relations between air and bone 
conduction. 

If the stem of a vibrating tuning fork is pressed against the head and 
the frequency is within the audible range, the pressure waves produced 
in the bones of the skull will have wavelengths that are long relative to 
the distances between the individual sensory cells of the organ of Corti. 
Hence there can be no noticeable pressure gradient between neighboring 
sensory cells. Likewise, no changes of salt concentration arise at the cell 
walls, so that according to the theory of neural excitation discussed 
elsewhere (page 232) there cannot be any excitation of the sensory cells. 

Because a direct stimulation of the sensory cells by compressional 
waves is unlikely, the whole problem becomes a physical one, namely, to 
determine how a compressional wave in the skull can produce a displace- 
ment of the basilar membrane from its normal position in the cochlea. 
Only through a local deformation of the basilar membrane can pressure 
differences arise between neighboring cells. 

In order to test this point, an attempt was made to cancel an auditory 
sensation produced by bone conduction by presenting at the same time 
an air-conducted tone of the same frequency. If the general compression 
and rarefaction in the cochlea set up by a bone-conducted tone produced 
a stimulation of the sensory cells, this stimulation would have the same 
phase along the whole basilar membrane. On the other hand, an air- 
conducted tone gives rise in part to a traveling wave along the basilar 
membrane, so that the phase relations along this membrane are con- 
tinually varying. "Therefore, if it is possible to compensate for a bone- 
conducted tone by means of an air-conducted tone in such a way that 
nothing at all is heard, we may be sure that in bone conduction the 
basilar membrane moves in just the same way as it does in air conduction. 
That is to say, in both instances the vibrations of the basilar membrane 
are produced by movements of the fluid near the stapes, and there is no 
other manner of excitation of the sensory cells, i 


* Article 11 as listed in the Author's Bibliography. Published in 1932. 
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The success of a compensation procedure depends upon a high degree 
of constaney of amplitude and phase relations. In the experiments to be 
described, a bone-conducted tone was produced by a vibrating rod driven 
by a vacuum-tube oscillator (cf. Schwarz and Bárány). The vibrator was 
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fastened to a freely rotating arm 
(Fig. 6-1), and a string running 
over a pulley to a weight gave a 
constant pressure on the middle of 
the forehead independent of head 
position. The same oscillator act- 
ing through an attenuator and a 
phase shifter was connected to two 
telephone receivers held opposite 
the ears by a special headband. 

It is particularly desirable for the 
receiver not to press direetly on 
the ears. A wire ring about 8 em 
in diameter was fastened to the 
receiver and spaced about 2 em in 


Counterweight 


2509 


3 


Vibrator 


Fic. 6-1. The manner of supporting a 
vibrator for application to the head at 


constant pressure. 


front of it, and this ring was held 
against the side of the skull. This arrangement gave great constancy 
of tonal stimulation. X 

A frequency of 400 eps was used, and the bone-conduction tone was 
given an intensity of 57 db above threshold. When both air- and bone- 
conducted tones were presented and these tones were sufficiently free of 
overtones, it was possible, by suitable adjustments of the amplitude and 
phase of the air-condueted tone, to cause the bone-conducted tone to 
disappear completely. 

The ober difficult because it is necessary to make the com- 
pensation in both ears at the same time, and the slightest movement of 
the head or lower jaw changes the adjustments. In some subjects, also, 
the blood pressure changes the adjustment according to the rhythm of 
the heartbeat, in such a way that the compensation holds only for particu- 
lar phases of the heartbeat. For frequencies over 800 cps we pass into 
the region of resonance of the ossicles, and then the phase adjustments 
become difficult. For frequencies below 100 cps a tactual sensation at 
the point of application of the vibrator is perceived along with the bone- 
conducted tone. If these two sensations are strong and about equal, 
they can easily be distinguished and separately perceived. But if the 
bone-condueted stimulation is reduced, the two sensations fuse, and a 
further reduction of the bone-conducted tone is no longer noticeable. 
The strength of the tactual sensation relative to that of the auditory 
Sensation is not the same for all positions on the head, and it changes also 
with the "'ibrating contact. : \ 

Form bris - ae Skull. Whenever the skull is set into 
Vibration at any point, standing waves are formed on it because of the 
relatively great elasticity and density of the bones. By means of a 
rubber listening tube with one end applied to the vibrating surface the 
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wave nodes and loops are easily found. With a vibration pickup it 
may be shown that, at the places where nothing ean be heard with the 
listening tube, the bony surface undergoes no transverse vibrations but 
only longitudinal ones. To measure the vibratory amplitude of the 
bony wall for a continuous tone, use may be made of a method described 
earlier (page 51) in which the vibration of a test object is adjusted until 
there is no change when it is brought into contact with the bony wall. 
'This only happens when the bony wall and the test object are vibrating 
at exactly the same frequeney, amplitude, and phase, for only then is 
there no interaction between the two bodies when they are brought in 
contaet. 

Because the skin lies rather loosely at many places on the skull, it 
often vibrates with a smaller amplitude than the bone beneath. For a 
gentle contact with the test object the vibratory amplitude of the skin 
surface is obtained. But if the test object is applied more firmly against 


200 cps 800 cps 1600 cps 


Fia. 6-2. Vibratory amplitudes along the base of the skull when the vibrator was 
applied to the forehead. 


the bone, the skin is compressed and vibrates along with the bone, 80 
that the test object represents the greater vibratory amplitude of the 
bone. Then when it is taken away its vibratory state is unaltered. 

the vibratory amplitude of the test object corresponds to that of the bone, 
a further increase in the pressure of its application requires no change in 
the adjustment. For a pressure of 250 grams and a contact surface of 
0.5 sq em the insertion of a piece of sponge rubber 0.5 em thick between 
the contact and the head has no effect upon the measurements. 

In Figs. 6-2 and 6-3 are shown the amplitudes of transverse vibration 
of the different regions of the head. The arrow indicates the point of 
application of the vibrator. Figure 6-4 shows that the four nodes vary 
in location in a rather uniform way according to the place of application 
of the vibrator. This observation shows that despite the considerably. 
varying thickness of the skull wall its vibration at low frequencies does 
not differ appreciably from that of a spherical shell with uniform 
thickness. For frequencies producing six nodes this is no longer true; 
for in this case a variation in the position of the vibrator usually produces 
sudden shifts in the location of the nodes. : 
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In order to follow more easily the transition in the form of the vibration 
during gradual changes of frequency, a white loop of wire was photo- 
graphed, as shown in Fig. 6-5, when set into vibration by an eccentric 
device applied at the upper end. For very low frequencies, as for 0.5 eps, 
there is at first no deformation of any sort, but only a parallel displace- 
ment of the loop, whereby two nodal regions appear. With increasing 


«800 cps 1600 cps 
Fig. 6-3. Vibratory amplitudes in the two vertical planes when the vibrations were 
applied to the forehead or to the mastoid process. 


frequency the nodes move downward, on account of the accompanying 
deformation, until finally two new nodes appear at the upper end. At 
the same time, the phase of vibration of that side opposite the eccentric 
suddenly reverses. The same effect is clearly visible in Fig. 6-2. For a 
further increase in frequency the nodes again move downward, as shown 
in Fig. 6-5 for a frequency of 9.0 eps. At the transition between two 


Bock 1100 cps 


Ma. 6-4. Effects of varying the point of application of the vibrator. 
9f antinodes correspond closely to the point of application. 


The positions 


forms of vibration, traveling waves often appear, and these have the 
same amplitude around the whole circuit of the loop, as shown for 11.0 eps. 

Auditory Threshold Measurements. Because of the appearance of 
nodes, it is necessary in the measurement of thresholds for bone-conducted 
tones to take strict account of the points at which the vibrations are 
applied and the points at which they are measured. The middle of the 
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0.5 cps 2.5 cps 


12.0 cps 16.0 cps 


Fia. 6-5. Nodal patterns produced by a vibrating wire loop. 
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forehead is recommended for standard use because the uniform thickness 
of the bone here produces a very regular form of vibration, and a shift of 
the point of applieation of the vibrator of as much as 3 em has no effect 
upon the loudness of the bone-conducted tone. The vibratory amplitude 
that is transmitted to the bone also should be measured in this same 
region, preferably at a distance of 2 to 4 em from the point of application. 
For the long wavelengths obtained with frequencies up to 2000 eps, the 
same values are obtained for the whole area around the vibrator. The 
mastoid process is clearly unsuitable, for here a slight shift in the point of 
application causes huge changes in the amplitude of the transmitted 
vibrations, depending on whether the skin lies directly over the bone or 
the heavy tendons of this region come in between. Besides, on the 
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tion of the vibrator upon the vibratory smissi i i 
amplitude of the skull, expressed as a per s = 3 ren a ed 
cent of the applied amplitude, when the throug n EE EEH beato surface 
Vibrator was applied to the skin of the quency- os id the pressure of appli- 
forehead. The vibratory frequency was WaS ei a a 5 

800 cps, and the vibrator surface was cao wes s SER 
50 sq mm. 


forehead the tactual sensations that arise at the low frequencies are more 
easily discriminated from the sounds. y 

The end of the vibrator is given a slightly rounded form and a diameter 
of no more than 7 mm, so that an application that is not exactly vertical 
will not alter the effectiveness of transmission. With this size of vibrating 
surface a continuous pressure up to 250 grams can be used, as indicate 
in Fig. 6-1, ; 

When measurements were made of the amplitude of the vibrator ien 
placed upon the forehead and the amplitude of the bone in its eet Ma 
Vicinity, it was found that only a small fraction of the Ego aen itu ^ 
was transmitted through the skin to the bone, and also that s 6A t€ 
changed according to the skin thickness. The dependence o = mane 
mission on the pressure of application and on the frequency is shown for 
One subject in Figs. 6-6 and 6-7. H 

To test the linearity of transmission 
Pressure of 250 grams the arrangement 
Web of skin between the index finger an 
the electrodynamically driven vibrator a 

Was so chosen that its mass in relation 
Same as for the head. The moving coil o 


through the skin for a contact 
of Fig. 6-8 was used. Here the 
d the thumb was placed between 
nd a large mass M. The mass 
to that of the vibrator was the 
f an electrodynamic vibrator 


134 CONDUCTIVE PROCESSES 


was firmly attached to M. Then the electrical potential produced in the 
coil through its movement was proportional to the amplitude. The 
potential was compensated for by means of the attenuator be and the 
phase shifter, so that beyond the two amplifiers and the filter there was a 
minimum of tone. In order to measure amplitudes as small as 10-'° em 
at 400 eps it was necessary to use two separate amplifiers with special 
shielding. 

Now it was found that, if the amplitude of the vibrator was shifted 
by means of attenuator b; from 10? cm down to 107" em, the compensat- 
ing voltage had to be changed in proportion (within a range of precision 
of 30 per cent). This proportionality between the driving current of the 
vibrator and the amplitude transmitted through the skin is of great 
significance, for in determinations of bone-conduction thresholds the 


Fro. 6-8. Arrangement for determining the relations between voltage applied to the 


vibrator and both the amplitude of the vibrator and the vibrations transmitt 
through the skin. 


measurements of the amplitude of vibration of the frontal bone have to be 
made at a level about ten times greater than the threshold values. The 
further reduction of amplitude is made with an attenuator in front of the 
vibrator. 

The error of 30 per cent is not significant, for the errors of observation 
are still greater. In addition to the errors of observation, such as lapses 
of attention, fatigue, and the like, already well known in threshold 
measurements by air conduetion (Waetzmann and Heisig), there are 
large variations due to changes in the loudness of the bone-conduc 
tone caused by shiftings of the lower jaw and from gritting the teeth. 
These variations are especially large for the low frequencies. 

For practical purposes it often is sufficient to determine, as Knudsen 
and Jones did, the dependence of the threshold upon the amplitude of the 
vibrator that is applied to the head. But for theoretical reasons this 18 
not enough: the transmission through the skin is subject to large varia- 
tions according to the form of the vibrator, the pressure of application, 
and the frequency, and to eliminate these variations it is necessary t0 
measure the vibration of the bone itself. 
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The short-dashed curve of Fig. 6-9 shows the threshold values of ampli- 
tude obtained from the forehead when the external auditory meatus was 
open. One ear was then loosely closed with a rubber stopper containing 
a capillary tube. The capillary tube was used to equalize any pressure 
difference between the meatus and the outside. Then, within the range 
of tones studied, there was a significant increase in the loudness of the 
sounds and hence a decrease in the threshold, as shown by the heavy solid 
curve. 

In the first situation the loudness of the bone-conducted tone was the 
same in the two ears, and the sound image seemed to be in the middle of 
the head. In the second situation 
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the sound image jumped over to 
the closed ear (as in Weber’s 
experiment), with a corresponding 
shift of the attention. 

In order to prove that with the 
low frequencies there was no dis- 
turbance of the auditory sensations 
by sensations of touch, the differ- 
ence limen for pitch was measured 
for bone conduction and found to 
be identical with that for air con- 
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Fic. 6-9. Auditory thresholds obtained 
for three conditions: for bone conduction 
with open meatus (short-dashed line), 
for bone conduction with closed meatus 


duction. For touch this limen 
had considerably larger values. If 
there had been a masking of the 


tonal sensations by the tactual ; 
sensations, the difference limen for bone conduction would have been 


larger. If the amplitude of the vibrator was increased, the tactual 
sensations finally reached their threshold, whereupon the sound image 
shifted in the direction of the vibrator. j 

To make a better comparison of the thresholds for bone and air con- 
duction, an absolute determination was made for air conduction with the 
same subject and the same arrangement for measuring amplitude. ; 

If the vibrator with a diameter of 0.7 em, shown in Fig. 6-10, is intro- 
duced into the auditory meatus, the air of the meatus is es 
compressed and rarefied, and these pressure variations can be compute l 
from the amplitude of the vibrator and the volume of the meatus (this 
volume was found to be 0.8 cu em by filling with water). To avoid any 
static-pressure changes on introducing the vibrator into the meatus, a 
glass capillary was cemented into the end as shown. The acoustic 
impedance of this capillary, whose diameter was 0.02 em, was so is A 
not to influence the sound pressure in the meatus. To avoid a lateral 
flow of air along the vibrator the meatus was smeared with petroleum 
jelly. ; f 
Peedinitnaey measurements proved that the vibrator operated with the 
same amplitude as the test point at the end of a long rod ende EA 
The amplitude was then measured at this point at a level dm oe 
above threshold. Finally the amplitude was reduced to the thresho 


(heavy solid line), and for stimulation 
with a vibrator in the meatus (light 
solid line). 
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value by means of an attenuator that preceded the electrodynamie 
system. The threshold amplitudes are given by the light solid curve of 
Fig. 6-9. 

Because an incorrect position of the vibrator in the meatus can easily 
lead to a transmission of the vibrations to the bone, it was always neces- 
sary to test whether a loose closure of the other ear, as by the finger, would 


Measuring FF g 
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To the electro- 
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Fira. 6-10. Vibrator for the measurement of air-conduction thresholds. 


change the loudness of the sound image. For if a bone-conducted tone 
is present in noticeable degree, this ear closure, as Fig. 6-9 shows, will 
cause a marked increase in the loudness of the bone-conducted tone in the 
ear concerned. In this event the sound image of the air-conducted tone 
produced by the vibrator will change its form and location, and will be 
displaced toward the ear that has been closed. 


Fra. 6-11. Calculation of the effect on the threshold of the yielding of the eardrum. 


In order to determine from the vibratory amplitudes the pressure 
variations produced by the vibrator in the meatus, let us consider Fig. 
6-11. If the object on the left with a cross-sectional area So is shifted 
to the right a distance zo, the eardrum, whose cross-sectional area is S; 
will be shifted in the same direction by a distance x as it yields to the 
increased pressure in the meatus. The volume change arising in the 
meatus as a result of this shift of the object is dV = Sx — Soto, where 
V is the volume of the meatus. 
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When the shiftings oceur at a high frequency we can assume that the 
volume variations are completely adiabatic, and so the pressure variation 
is 


2 2 
p= -pet F = PE Soro — PË Sa (6-1) 


where p is the density of the air and c is the speed of sound in a free field. 
For the frequency range considered here, the dimensions of the meatus 
are small relative to the wavelengths in a free field. 

In agreement with Stewart and Lindsay, we can define the acoustic 
impedance Z of a system with the opening S as the relation between the 
pressure p and the rate of volume displacement of the air particles in the 
opening of the system, or 

Pas up 6-2 

4 S dx/dt (6-2) 

Then for sinusoidal vibrations with an angular frequency w, 2 = ae'=*, and 
Z = p/ieSx. Hence from Eq. (6-1) we obtain for the pressure variations 


m 1 6-3 
PL Soto TF oct/V X l/ioZ esi 


If the ear were acoustically rigid, z would equal 0, and then Z would 
equal «, so that the quantity on the right side of Eq. (6-3) would equal 
1. This quantity then serves as a correction for the acoustic impedance 
of the eardrum. 3 

Measurements of the impedance of the eardrum were made by Tröger. 
However, he took as the impedance the relation of pressure to partiele 
velocity, and so his values, as Eq. (6-2) will show, need to be divided by 
S, the cross-sectional area of the meatus. Since the tube that was 
used here had a diameter of 7 mm, his values of impedance have to be 
multiplied by 2.6 to correspond to the present definition. r 

If we separate the obtained impedance into real and imaginary com- 
ponents, Z = A + iB, then the absolute value of the quantity on 


the right of Eq. (6-3) is 


ot 1 | T 
pres v A? + B: 


np = 1.2 X 10-3, c = 3.4 X 10° em per sec, 
d B the corrected values obtained by Tróger 


= 0.8 cu em, and for A an 4 p 
for one subject (as given on page 38 of his paper), then for the different 
hown in Table 6-1. 


frequencies we obtain the values s 


If we put into this equatio 


1E xod 9:8) T ih 
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Above 800 eps, on account of resonances of the membrane as a whole 
and of its separate parts, the results are highly variable, but they average 
about 1.6. 

We see from these figures that the sound pressure in the meatus is 
reduced by the yielding of the eardrum by a maximum of about 3.5-fold 
(compare with the results of Langenbeck and of Waetzmann and Heisig). 
This yielding of the eardrum seems very large, because for a threefold 
reduction of sound pressure the volume displacement of the eardrum is 
only about 33 per cent smaller than that of the vibrator, in spite of the 
easy compressibility of the air of the meatus. Nevertheless, in auditory 
threshold measurements with the thermophone the compliance of the 
eardrum plays a minor role, because usually in this situation the volume 
V is very large. 

If from the data of Fig. 6-9 and Eq. (6-3) we calculate the threshold for 
air conduction, we obtain the results of Table 6-2. These values agree 
well with those of E. Meyer (6). 


TABLE 6-2 


Hrequeney., (Oe vac os csc scl testy Sur TE eRe ee 100 200 400 800 
Effective pressure, dynes per sq em X 1074...... 270 40 5.9 2.2 


The capillary in the vibrator had a radius of 10-? em and a length of 
1.0 cm. Here, as Crandall found, the frictional force in the tube is so 
great that the mass reactance of the vibrating air column can be neglected. 
Therefore, according to Poiseuille’s law, the rate of flow of the gas in the 
tube, in volume per unit of time, is 7 


where » = 1.87 X 10-* cgs units is the frictional coefficient of the 
air, / is the length of the tube, and r is the internal radius of the tube. 
The acoustic impedance of this system, from Eq. (6-2), is 


Z- ae = 48,000 cgs units 
ar 


Thus the impedance of the capillary relative to the eardrum impedance 
even for low frequencies is so great that the capillary has no effect upon 
the measurements. Smearing with petroleum jelly ensured against any 
other openings. | 
Knudsen and Jones have already found that a noise has less effect on the 
auditory threshold for bone conduction than for air conduction. This 
happens because in air conduction, with a telephone receiver over the eat, 
the sound image of the air-conducted tone usually coincides with that of 
the noise. The presence of the receiver on the ear prevents any impres- 
sion of distance for the noise, and it therefore is localized in the immedi- 
ate vicinity of the meatus. For bone conduction, on the other hand, the 
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sound image of the bone-conducted tone seems to be in the middle of the 
head and completely separate from the noise image outside the head. 
Because of the spatial separation the two are easy to distinguish. 

Figure 6-12 shows the extent to which the auditory threshold is raised 
for air-conducted tones and for bone-conducted tones of various fre- 
quencies when they are masked by an aerial tone of 900 eps at a loudness 
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Fic. 6-12. The masking effect of an aerial tone of 900 cps in one ear as observed for 
various air-conducted tones in the same ear (solid-lined curve) and for bone conduc- 
tion with the vibrator applied to the forehead (broken line). 


of 40 db above threshold. The masking tone was presented by means of 
à telephone receiver 2 em from the ear. Though the air-conducted tone 
showed masking, corresponding to the measurements of Wegel and Lane, 
the bone-conducted tone applied to the forehead was but slightly masked 
by an aerial tone on the same side, because the bone-conducted tone was 
heard also with nearly equal loudness in the other ear. 


Fig. 6-13, Arrangement for measuring the increase in loudness produced by closing 
the meatus, 


Sound Perception with Closed Meatus. The following arrangement 
(Fig. 6-13) was used to measure more precisely the increase of loudness 
of a bone-conducted tone produced by closing the meatus. parece 
receivers were placed over both ears, supported about 2 cm away from 
the head. The attenuator b, and the switch Us were adjusted so that 
the air-conducted tone seemed to be in the median plane of the head. 
It was necessary also to have the correct phase for the two receivers. For 


140 CONDUCTIVE PROCESSES 


the bone-conducted tone a point on the forehead was chosen so that its 
sound image with the ears open was indistinguishable from that of the 
air-condueted tone. Attenuator bo was adjusted so that equal loudness 
was obtained on switching back and forth with U;. Whenever the two 
sound images were equally loud and had the same direction, the loudness 
of the bone-conducted tone was equal to that of the air-conducted tone 
in each individual ear. Now if one of the ears (say, the right) was closed 
with the rubber stopper mentioned above, the sound image of the bone- 
conducted tone was displaced to the closed ear, so that the loudness was 
comparable to that of the air-conducted tone in the other ear. If now 
attenuator b; was adjusted until operation of switch U, gave equality of 
loudness, the change in attenuation represented the increase of loudness 
produced by closing the meatus. The values obtained are shown in 


Loudness increase 


Fic, 6-14. The loudness increase produced by closing the meatus, with stimulation 
by bone conduction. 


Fig. 6-14. Above 2000 cps the loudness increase suddenly vanishes; this 
is correlated with a change in the form of vibration of the skull and also 
with changes of vibratory conditions in the meatus, middle ear, and inner 
ear. The above method of measurement is precise only if the increase of 
loudness is at least, 10 db, so that the sound image seems displaced com- 
pletely to one side. Therefore the small values above 2000 cps are only 
estimated. 
: If the ear was closed with the finger instead of the rubber stopper with 
its capillary, the same increases of loudness were observed when closure 
was loose, but decrease of loudness occurred when closure was firm. 

Mach (1; see also Schaefer and Giesswein) was the first to give & 
thoroughgoing presentation of this problem. In his “sound-outflow 
theory ' he supposed that the decrease in loudness arose from the firm 
pressing of the finger on the skull, which allowed the sound to flow out 
through the finger. 

It is easy to show that the firm attachment of a large mass of lead to the 
forehead has only a slight effect upon the loudness of a bone-conduct 
tone applied to the forehead. The reason, as Fig. 6-7 shows, is that, for 
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the high frequencies especially, the skin layer prevents any damping of 
the skull vibrations by the lead mass. Probably the decrease in loudness 
occurs because the finger when strongly pressed into the meatus changes 
the air pressure from its normal value and thereby displaces the ossicles 
from their usual positions and diminishes their mobility. 

The following experiment shows that the changes of air pressure are 
significant and that in this instance the sound-outflow theory cannot be 
applied. Ifthe finger is coated with grease and is pushed into the meatus 
from one side, it is possible to close the ear in such a manner that the 
finger can be withdrawn a little without losing the closure. Then if the 
finger pressure is relaxed there is also a decrease in loudness, as long as 
the closure remains. An effect similar to that caused by air-pressure 
changes is observed when the skin of the meatus is pushed with a short 
plastie tube in such a manner as to exert pressure upon the eardrum. 

To discover whether the loudness changes caused by variations of 
pressure in the meatus are actually due to reductions of mobility of the 
eardrum and ossicles, the alterations of impedance of the eardrum were 
measured. As Eq. (6-2) shows, a reduction of mobility is accompanied 
by an increase in the impedance of the eardrum. fm a 

The impedance of the eardrum was found by a substitution method* 
like that described on page 69. This method can only be carried out for 
frequencies below 800 eps, for which the eardrum vibrates as a whole. 
Results obtained for a tone of 400 eps are shown in Table 6-3. In the 
first row of the table are given, for three different subjects, the relative 
changes in impedance produced by a static pressure rise of 10 cm of water; 
and then, in the second row, the resulting changes of loudness as obtained 
by loudness balances with the opposite ear are given. 


TABLE 6-3 
Lo oT Ege e 
Impedance change Zi/Zo.......... 2-1 1.8 n 
Loudness change Lo/ln. . .........- 2.7 2.0 ; 


These measurements are difficult to reproduce, because the ossicular 
chain often undergoes abrupt changes in its state of equilibrium. N ever- 
theless, the results show clearly that the increase of pressure in the 
external meatus brings about an increase in the impedance of the eardrum 
and thereby reduces its amplitude of vibration. At the same time, the 
loudness is reduced in corresponding degree. Thus it is established that 
the loudness changes have a mechanical cause, and the assumption often 
made that there is a change in neural sensitivity as à result of an increase 
of pressure in the cochlear fluid is unnecessary. u 

A complete correspondence between the impedance changes and the 
loudness changes is not to be expected, because the coupling between the 
eardrum and the ossicles is close for only a portion of the eardrum. The 
lateral region of the eardrum (the membrana flaccida) vibrates more or 
less independently of the main region, and a pressure increase in the 


* Ann. Physik., 1932, 13, 126-127. 
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meatus probably alters its impedance in a different way, as observation 
with the ear microscope indicates. 

For a reduction of statie pressure there is correspondingly a reduction 
of loudness and a rise in the eardrum impedance. 

The arrangement of Fig. 6-15 was used to permit a better comparison 
of the loudness changes produced in air-conducted and in bone-conducted 
tones by a variation in the pressure in the meatus when the meatus was 
closed. The vertical stem of a T tube that was connected to an air pump 
was adjusted below the surface of the fluid in a vessel as shown so that 
when the stopcock was closed a certain pressure was present in the system. 
This pressure was indicated by a manometer. A telephone receiver 


from air pump 


Stopcock 
p 


To 
meatus 


Fia. i ß " 3 
ee Method for measuring the effects of pressure changes in the meatus 0n 


enclosed in a metal chamber was so arranged that the air could reach 
both sides of its diaphragm equally well in Pec to avoid sud effect of the 
pressure changes upon the sound output of the receiver. The rubber 
tube leading to the meatus was provided with a small capillary at its 
end, and this end was connected to the meatus. It is important that the 
tube make an airtight seal in the meatus, so that there is no flow of aif 
through the capillary. Such a flow through the capillary will greatly 
reduce the sound produced by the receiver. For this reason the inside 
diameter of the capillary was no smaller than 0.5 mm. 

An alternate-comparison method was used to determine the loudness 
changes produced by variations of air pressure for an air-conducted tone 
The stopcock was automatically opened and closed, and at the same time 
the telephone receiver was alternately connected to an oscillator through 
two different attenuators. The attenuators were adjusted so that during 


BONE CONDUCTION 143 


this switching no change of loudness was observed. The difference in 
their settings then gave the desired loudness changes. 

For this study of the effects on bone-conducted tones, the telephone 
receiver was shorted and a vibrator was applied to the head so as to 
produce a tone of the same frequency and loudness. Then, because the 
tube remained in the meatus, the sound image was referred to this ear 
just as with the air-conducted tone. In addition, the low frequencies 
gave a taetual sensation at the point of application of the vibrator, and 
this sensation of course did not vary in intensity when pressure changes 
were introduced. For higher frequencies, especially when a proper 
choice was made of the point of applieation of the vibrator, the tactual 
sensations were so much diminished that they were no longer disturbing. 
Under these conditions the loudness changes resulting from variations of 
pressure were measured by the alternate-comparison method as before. 

Under these conditions, extensive measurements were carried out for 
400 and 800 eps, with both increases and decreases of pressure, and it was 
found that the loudness changes with closed meatus were exactly the 
same for air conduction and for bone conduction, provided that these 
changes did not exceed 10 db. When the changes were greater than this 
the sound image of the bone-conducted tone was no longer localized in 
the meatus. 3 

The fact that the sound image of a bone-conducted tone as heard with 
closed meatus has the same form and position as that produced by an 
aerial tone heard through a tube, as in Fig. 6-15, shows. that with closed 
meatus the tone produced by bone conduction arises mainly as a result of 
variation of air pressure in the meatus. Only on this basis can we under- 
stand why a fixation of the stapes has the same effect upon the two modes 
of conduction, and only in this manner can we account for the large 
inerease in loudness caused by closing the meatus. | q 

If the telephone receiver shown in Fig. 6-15 is used as a microphone, it 
can be shown that an increase of static pressure in the closed meatus 
produces an increase in the sound pressure in the meatus resulting from a 
bone-conducted tone. This can only be explained if the sound pressure 
in the meatus is caused by a contraction of the meatal walls. In this ease 
the inerease in the impedance of the eardrum will give a larger sound 
pressure for a given volume displacement of the meatal walls. 

Also to be considered as a source of sound pressure in the meatus are 
vibrations of the end of the lower jaw. If the lower jaw is moved while 
the finger is inserted in the meatus, a displacement of the cartilage in the 
canal is easily felt. "This is the displacement that gives rise to the volume 
changes. Also, direct measurements will show that when the skull is 
vibrating the lower jaw does not follow it exactly. There are phase 
differences between the movements of skull and mandible. Figure 6-16, 
which presents a longitudinal section through the meatus when the mouth 
is closed, shows why this situation is to be expected on anatomical grounds. 

It should be noted further that the vibration of the end of the mandibu- 
lar joint will produce much less compression of the middle-ear region than 
of the meatus, because of the presence of a thin but relatively rigid bony 
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plate between this joint and the middle ear. The plate of cartilage 
bounding the meatus, on the other hand, is easily movable. If the end 
of the joint is shifted outward, which is easily accomplished by a lateral 
movement of the jaw, the wall of the meatus will then more readily 
follow the movements of the end of the joint. Now it can be observed, 
especially for low tones and when the meatus is closed, that the outward 
displacement of the joint produces 
a sharp increase in loudness. ‘This 
is true regardless of whether the 
vibrator is applied to the side of 
the jaw or is placed on the mastoid 
process so as to produce lateral 
vibrations of the head. 
SS If the teeth are clamped firmly 
Eordrum together the relative movements 
222227 between the lower jaw and the 
Skull are reduced, and there is à 
decrease in the loudness of the 
sound. The loudness changes are 
most prominent for the high fre- 
Fig. 6-16. A longitudinal section through quencies and for vibratory moved 
the meatus, inclined about 45° to the Ments of the end of the mandible 
vertical plane. that are not parallel to the axis of 
the meatus. Then the mandible 
does not vibrate simply back and forth but undergoes rotations. 
Accordingly, the movements are damped by the surrounding portions of 
the articular capsule in various and complicated ways. 

Jt is possible to set the lower jaw into lateral vibration by applying the 
vibrator to it, but without producing any vibrations of the head, as may 
be proved by the use of a vibration pickup. Then it is found that with 
closed meatus the threshold amplitude of the jaw vibrations is much 
smaller than the threshold amplitude of the vibrator that is inserted into 
the meatus. Evidently a given amplitude of vibration of the jaw 
produces significantly greater volume displacement in the meatus than 
does the vibrator working in the meatus directly. Therefore it is under- 
standable why, as Fig. 6-9 shows, the threshold for bone conduction with 
the ear closed is below that for the vibrator in the meatus. 

Bone Conduction with Open Meatus. The situation is entirely dif- 
ferent when the meatus is open. The compressions in the meatus can 
exert only slight pressures on the eardrum, and the relative displacements 
of the ossicles and the compressions in the cochlea can be of importance: 
In support of this is the faet that the lower jaw because of its inertia will 
vibrate with different amplitude and phase from the adjoining bones, 8° 
that it exerts only a localized force upon the skull in the immediate region 
of the cochlea. "Therefore the loudness with open meatus may change & 
little when the lower jaw is displaced. 
_ The vibrations produced by bone conduction can roughly be resolved 
into parallel, compressional, and rotational vibrations of the cochlea an 


Articulation surface 
of lower jaw 


Middle 


Ld Mostoid 


process 
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middle ear. The rotational vibrations will be neglected, for the observed 
phenomena are fully accounted for by the other two kinds. If the rota- 
tional vibrations produced an appreciable displacement of the basilar 
membrane, its form of motion would be entirely different from that 
produced by the vibrations of the stapes, and the compensation 
of a bone-conducted tone by an air-conducted tone would not be 
possible. 

Because of the inertia of the ossicles, the parallel form of displacement 
acts on the middle ear so as to produce a vibratory force upon the stapes. 
For low frequencies this force is nearly opposite in phase to the vibrations 
of the middle ear and meatus. 

Rejtö and Herzog pointed out that if there is equality of all elastic 
characteristics in the two cochlear scalae, then a compression of the 
cochlea will produce the same pressures and fluid 


displacements on both sides of the basilar mem- |; - 
brane. Therefore the basilar membrane will — 5 
not undergo any displacement, as indicated in — | 


a of Fig. 6-17. But in actuality, the mobility of 

the stapedial footplate is much less than that of 

the round window, and therefore, as b of this 
figure shows, there is a displacement of the { 
basilar membrane that becomes greater as the 
difference in mobility of the two windows is 
increased. On this basis we can explain the 
often-observed fact that a complete fixation of 
the stapes to the cochlear wall abolishes hearing 
by air conduction, while it produces only a limited 
change in the thresholds for bone conduction. 
The asymmetry between the two cochlear scalae 
is increased, as ¢ of Fig. 6-17 indicates, by the 
presence of the vestibule and semicircular canals 
in the region of the stapes, and their compression (c) 

can produce a significant displacement of fluid Fic. 6-17. Effects on the 
near the stapes. Perhaps also this action is basilar membrane = > 
enhanced further by fluid squeezed out of the pressions of the cochlea. 
blood vessels. qn i 

It is now important to show that compression 1n the cochlea has an 
important effect upon bone-conducted tones with open meatus. 

If a bone-conducted tone is completely canceled by an air-conducted 
tone so that the basilar membrane is not moving, the stapes must have an 
outward movement that is equivalent to the fluid that is pushed into the 
upper scala of the cochlea because of the compression effect. ’ 

If there is no compression of the cochlea, then during the compensation 
the stapes will not move in its window. Then if the static pressure in the 
external meatus is altered and the stapes is fixed, there will be no change. 
But if there is a compression of the cochlea, a reduction in the mobility 
of the stapes will produce an increase in loudness. h If after the introduc- 
tion of the static pressure the compensation is carried out once more, the 
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reduced mobility of the stapes makes it necessary to use a larger sound 
pressure than before in order to produce the compensation. 

The last two conclusions are well established. The complete com- 
pensation of the fluid movements is achieved because the opening of the 
vestibule and canals lies close to the stapes. 

Though it is found with closed meatus that a static-pressure increase 
produces the same decrease in loudness for air-conducted tones as for 
bone-conducted tones, it is probable that with open meatus the compres- 
sion in the meatus is of little importance. Also the inward displacement 
of the stapes that is caused by compression of the middle ear is of the 
same order of magnitude as the fluid that is simultaneously forced from 
the vestibule and canals into the 
upper scala of the cochlea. It is 
therefore to be expected that the 
loudness of the bone-conducted 
tone will be less affected than that 
of the air-conducted tone, because 
the fluid flowing in from the vesti- 
bule and semicircular canals is not 
changed. 

The arrangement shown in Fig. 
6-18 was used to study the effects of 
static pressure in the open meatus. 
Fra. 6-18. Determination of the effects The ear was completely free in a 
of pressure with open meatus. large pressure chamber whose walls 

f J were lined with sound-absorbing 
material, which damped the transmitted and radiated vibrations coming 
from the head into the chamber. A fluid-soaked layer of sponge rubber 
made an airtight seal between the chamber and the head. 

It was found for all subjects that the loudness changes were signifi- 
cantly larger for air-conducted tones. Thus a pressure that gave & 
20-db decrease for an air-conducted tone gave only a 10-db decrease for à 
bone-condueted tone. 

In a few subjects it was even possible, by a proper choice of the point 
of application of the vibrator, to cause such a reduction in the tone arising 
in the middle ear with open meatus that a 10-db increase in loudness was 
perceived for a pressure increase of 20 em of water. Also in the normal 
ear it was possible to confirm the usual clinical observation that a reduc- 
tion in the mobility of the stapes increases the loudness of a bone- 
conducted tone. 

It is frequently found also that tones above 3000 eps, which often do 
not show any loudness increase when the meatus is closed, as Fig. 6-14 has 
indicated, and thus do not set up any appreciable pressure variations in 
the meatus, nevertheless undergo clear increases of loudness when the 
finger is pressed firmly into the meatus. 

An increase of loudness occasionally oceurs when the vibrator is on the 
lower jaw and the air pressure in the meatus is increased by means of the 
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pressure chamber over the ear. With a lateral displacement of the lower 
jaw, which causes a compression of a larger portion of the meatus, there 
is a decrease of loudness. E 
With the meatus open we can also determine the relation of the volume 
displacement caused by compression in the vestibule and semicircular 
canals and the upper scala of the cochlea (shown as crosshatched in c of 
Fig. 6-17) to the volume displacement caused by movements of the stapes. 
If we let V represent the volume reduction resulting from compression 
of the vestibule and semicircular canals and the upper scala of the cochlea 
and let S represent the similar volume reduction caused by displacement 
of the stapes, then according to Fig. 6-17c the loudness L of a bone- 
conducted tone is determined by the yielding of the basilar membrane, or 
S+ V. If k is a proportionality factor, then L = k(S +V). In the 
situntion represented by Fig. 6-17a, S is negative and equal to the volume 
change in the upper scala of the cochlea, so that S + V = 0. t 
If now the pressure in the external meatus is increased, the mobility 
of the stapes will be diminished by a factor n, whereupon the loudness 
will change by the factor N. If we represent values for pressure increase 
by primes, then S’ = nS and L'— NL = Nk(S + V) = k(nS + V). 
From this equation we derive the relation of the two volume changes as 


y We 
Sal el 


The loudness change N produced by a pressure change is easy to deter- 
mine, whereas the reduction of mobility of the stapes n 1s obtained as the 
loudness decrease of an air-condueted tone of equal loudness that is sub- 
jected to the same increase in static pressure. In general it was found 
that n = 0.3 and N = 0.7. The volume relation then is V/S = 1.3. 
The fact that despite the density of the petrous bone a large value is 
obtained for the compression of the cochlea relative to the Four 
displacements of the stapes is in part due to the small size of the stapedia 
footplate, which even for large displacements produces only small yous 
changes. Perhaps the fluid of the blood vessels is pushed into the ie = 
also. These relations, however, vary according to the position of the 


lower jaw. ) ; lication of 
If, with open meatus and a proper choice of the point of app pga [n 
the vibrator, the compression in the middle ear is so small that the vo ume 
changes of the vestibule and semicircular canals cause an outward dis- 
placement of the stapes, then a fixation of the stapes always produces an 


inerease in loudness. 

According to earlier assumption 
by a compression in the cochlea. 
transmitted to the eardrum, an 
pressure in the meatus. That this ass À 
the observation that after the stapes and other NDA mura remove 
cadaver the sound pressure in the closed meatus was not altered. 


s the stapes is always displaced outward 
Then the stapedial vibrations would be 
d its movements would produce a sound 
umption is incorrect is shown by 
dina 
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ABSOLUTE BONE-CONDUCTION THRESHOLD* 


First to be considered are the various possibilities for measuring the 
absolute threshold for bone-conducted sounds. The vibrations of a solid 
body, such as a tuning fork, may be heard in two different ways. One 
way is by its action on the air and the transmission of the aerial vibra- 
tions to the ear, which is called air conduction. The other way is through 
a contact with the bones of the skull, as by placing the stem of the tuning 
fork on the forehead, which is called bone conduction. These two ways 
of transmitting sound to the inner ear are not exactly the same, and their 
use provides the otologist with a means of ascertaining the seat of an 
auditory impairment. 

Thus if the otologist himself, who presumably has normal hearing, 
perceives a vibrating tuning fork by bone conduction for a longer time 
than the patient does, then it is probable that the patient suffers from an 
impairment of the inner ear. If on the other hand the patient hears the 
fork for a longer time than normal, a middle-ear impairment is indicated. 
This is the Schwabach test. If a fork is heard for a longer time by air 
conduction than by bone conduction, an inner-ear defect is indicated, 
whereas if the reverse is true the middle ear is involved. "This is the 
Rinne test. These and similar observations depend always on the thresh- 
olds for air and bone conduction. 

Though these clinical tests have been used for many decades and an 
almost unbelievable number of articles have been written about them, & 
great many questions concerning them remain unsolved. Often the 
different tests give conflieting results, and only a consideration of the 
total picture will indicate whether, for example, an inflammatory process 
in the ear is active or not. Extensive experience is necessary for a proper 
evaluation of the various results, and account must be taken of the special 
characteristics of the tuning fork being used and the room noise that is 
present during the tests. 

A precise determination of auditory thresholds by air and bone con- 
duction ought to contribute to the decision as to whether an impairment 
of the ear is purely conductive or not. Though the threshold by air 
conduction has been studied extensively and in a precise manner, espe- 
cially by Waetzmann and Keibs and by Kurtz, a similar degree of 
precision has not been attained for bone conduction. "The measurements 
made by Knudsen and Jones and by Watson, for example, referred simply: 
to the amplitude of a vibrating body that was just pereeptible when 
applied tothe head. Because the skin is highly variable, there are great 
difficulties in obtaining absolute measurements. A method must be 
found for measuring the vibrations communicated through the skin to the 
bones of the head. 

To study the variability of the skin's properties, measurements were 
made of the thickness of the web of skin between forefinger and thumb 
when exposed to a steady pressure of 1 kg over a period of time. Figure 


* Article 31 as listed in the Author's Bibliography. Published in 1939. 
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6-19 shows these results. Also, Fig. 6-20 shows how the compression of 
the skin varies with the applied pressure. In these measurements the 
pressure was first increased by steps to a value of 1500 grams (solid line) 
and was then reduced to the initial value (broken line). A large and 


30 50 
Durotion of pressure, sec 
Fra. 6-19. The progressive thinning of the skin when exposed to a pressure of 1 kg. 
The skin area was 0.8 sq em. 


lasting residual effect is obvious. It may be seen from the solid curve that 
à pressure inerease from 0.1 to 1.5 kg causes an increase in the modulus of 
elasticity by tenfold. d 

To determine in an exact way the vibrations of the bone at à particular 
point on the head, measurements may be made of either the amplitude 
of the bone or the pressure acting 30 
upon it. In an earlier study (page 
51) a probe method was described 
for determining the amplitude of 
the bone despite the presence of 
the skin. (The sensitivity of this 


method may be improved by Pv 

mounting a crystal or condenser E 

microphone at the end of the probe 3 

and using it to obtain uniform am-  $ a ae 
plitudes.) Here the measurement ©, , Tr 


Of pressures will be investigated, 
because such measurements appear 
to be more practical for bone- 
conduction thresholds. ; 
The vibratory system shown in "5 
the upper part of Fig. 6-21 was I m 1000 1500 
used to study the possibilities M een x p. NI fund 
Measuring the transmission of Fic. 6-20. Effects of increasing at 
sound pressure to the bones of the per ^ ae T de DA 
head independently of the prop- ows indicate the order of application. 
erties of the skin. This system , 
consists of a bone-conduction receiver, the skin, and the mass of the 
ead, schematically represented. Mı is the mass of the electro-magnet 
that is connected to M2, the mass of the vibrating body, through 


a spring. Parallel to the spring a frictional force is represented. The 
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driving force of the receiver is represented by f. The elastic properties 
of the skin are represented by the massless spring, whose magnitude is 
variable. The mass of the head is represented schematically by the 
mass AM s. 

In the lower part of this figure is represented the electrical analog of the 
vibratory system, using Firestone’s and Hiihnle’s analogical relations. 
Here the mass is represented by a capacitance, the spring by an induct- 
ance, velocity by voltage, and force by current. All elements that are in 
parallel mechanically remain in parallel electrically, and one side of the 
condenser that replaces a mass is always grounded. As the mass of the 
head also involves internal friction and elasticity, it is replaced by the 
impedance Z. 


Bone conduction receiver 


Skin 


Mass of the head 


Fia. 6-21. The vibratory system (above) and its electrical analogy (below). 


The mass of the head is always exposed to the same pressure as long as 
the current I flowing through Z remains constant. This condition can be 
obtained, aceording to Bárány's observations, by making C, very large 
and tuning the inductance L to resonance with the capacitance Cr 
Then the oscillatory circuit that is parallel to the oscillator has a high 
impedance, and current 7 is practically equal to J. Therefore the pres- 
sure acting on the vibrating body will be equal to the pressure on the mass 
of the head. E. Bárány (1) was the first to determine the pressure at 
the absolute threshold for a bone-conducted tone of 435 eps. 

In the use of this method it is necessary with each measurement to 
tune the bone-conduction receiver to the stimulating frequency. TO 
avoid this tuning the current I or the pressure exerted by the bone- 
conduction receiver must be measured directly. Then the pressure on the 
bones of the head is determined also. Here it is assumed that the skin 
can be represented as a simple elasticity with friction. 
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Equipment for Pressure Measurements. To measure the pressure 
aeting on the surface of the vibrator a piezoelectrie mierophone and a 
condenser mierophone were used. In addition to the alternating pres- 
sure of a few milligrams there is 
also a static pressure of as much 
as 1.5 kg, and a Rochelle salt erys- 
tal could not be used on account 
of its sensitivity to statie pres- 
sures. A quartz crystal was found 
to be satisfactory in spite of its low 
sensitivity. 

The arrangement of the quartz 
microphone is shown in Fig. 6-22. 
Plates m; and ms have the same 
orientation, and their pressure sur- pia 6-22. The arrangement of the 
faces are provided with metal elec- piezoelectric pressure microphone. 
trodes. If a pressure P acts upon 
the cell a voltage V arises between the middle electrode and the two 
outer electrodes that are connected together, such that 


290 XP (6-4) 
y -2*5 


Where d = 6.4 X 10-8 cgs is the piezoelectric constant of the quartz and 
C is the capacity between the two electrodes. The capacity of the con- 
nections must be added to C and should be made as small as pauta 
by grounding the two outer electrodes and connecting the middle electrode 
through a short coaxial cable directly to the grid of an amplifier tube. 
By this means the wiring capacity can be kept below 5 em. ME 
This equipment works well, because its operation is indepen S AS 
frequency and of static pressure effects. It is essential, however, e i 
be connected to a large mass and that it be kept from moving. it is 
fastened to the vibrating end of the bone-conduction receiver, however, 
the forces set up by the mass of the quartz plates and electrodes will give 
Voltages that are much larger than those produced by the ich 
that is to be measured. These disturbances become greater as the 
amplitude of motion and the frequency of vibration are însreaspd, NE 
Fahrentholz, Kluge, and Linckh constructed a microphone that w 
insensitive to over-all movements. However, the mechanical arrange- 
ment of the cell described here seemed to fit the purpose of these e 
ments, and a study was made of the conditions under which it could be 
made insensitive to movement. I ' 4 
When the cell vibrates along its longitudinal axis, the "s a cti RN 
the same at all points because of the stiffness of the quartz and e en ro iri 
‘he accelerative forces produced by the vibration therefore NN a ds 
Proportional to the masses connected to the supporting surface. e 
Pressure on the surface of the cell is zero and increases amine y as 
the vibrator is approached. If one of the quartz plates is expose toa 
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pressure gradient, an electric charge is produced at its electrode surface 
which is proportional to the pressure. In addition the pressure gradient 
sets up a space charge inside the quartz, but because quartz is a good 
insulator it is not added to the charge on the electrode. 

If the piezoelectric constants of the quartz plates are represented by 
d; and ds, then according to Fig. 6-22 the charges on electrode surfaces 
1, 2, 3, and 4 are 


€ = +dıMı 

€; = —di(mi + Mı) 

e, = —dY(Ms + mi + M3) 

e, = +d2(m2 + Ms + mi + M3) 


If a voltage difference between the two plates of the condenser is to be 
avoided, then the charge on these two plates must be the same, or 


ee + € = € + € (6-5) 
If the masses of the two quartz plates are made the same so that 


m =m =m 
then 


dy = — 9m 2M: + 2M: 4, 
m + 2M; 


Further, if the mass of the middle electrode is made twice as large 88 
that of the end plates, or M; = 2M, the cell will be insensitive to over-all 
movements if dı = —3d. This means that charges produced by over-all 
movements can be avoided if the upper quartz plate is given the usua 
form and the other plate is reversed in orientation so as to compensate 
for the charges produced by the first. Because the plate attached to the 
vibrator is loaded with the greater mass its sensitivity must be made 
smaller. The sensitivity of the microphone to an externally applied 
pressure will then be reduced to one-third, but this does not interfere 
with the measurements. 

There are various ways in which the piezoelectric constant of a quart 
plate may be reduced. If plane-parallel plates are sawed from a quart 
crystal and etched with hydrofluoric acid, it may be observed tha 
particular portions of the plate have exactly opposite orientations from 
other portions, so that the action of pressures will produce charges © 
opposite sign. If the plate is cut so that one-third of the surface Ë 
opposite in orientation to the remainder, a pressure will produce à charg! 
one-third that of a normal plate. For such a plate to work proper 
however, it is essential that the pressure be equally distributed over if 
entire surface. If this condition is not fulfilled, then it is better to US 
plates that are uniformly sensitive over the entire surface. 

In the quartz crystal represented in Fig. 6-23, the x axis is the electric 
axis along which an acting pressure produces the maximum sensitivity: 
On the other hand, a compression in the z direction, which is known as W 
optical axis, does not set up any free charge on the pressure surfaces 
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Therefore the piezoelectrie constant ean be made smaller by a relocation 


of the plane in which the plate is cut. 
the yz plane as indicated for the uppermost disk 
in this figure, the plane is rotated around the y 
axis so that the direction of pressure lies in the 
zz plane and makes an angle à with the z axis. 
Then the piezoelectric constant is given by 
d; = d sin? 6, when à = 43°54’, and the desired 
threefold reduction of sensitivity is obtained 
(Voigt). This form of cut is represented in the 
lower part of Fig. 6-23. 

A microphone constructed in this manner is 
represented in Fig. 6-24. An aluminum tube 
that could be serewed to the electrodynamic 
bone-conduetion receiver contained an insulat- 
ing glass tube, and within this tube were the 
insensitive quartz plate, a brass measuring 
electrode, a second quartz plate, and an alumi- 
num cover. The masses of the two quartz 
plates were the same, and the mass of the meas- 
uring electrode was twice that of the aluminum 
cover. The aluminum cover was eapped with 
a piece of aluminum foil that was bound to the 
end of the tube with thread and served as a 
Shield. This simple construction was satisfac- 
tory because in the measurements a static pres- 
Sure was always present. 


Instead of cutting the plate along 


zZ 


Fig. 6-23. Orientations of 
the disks cut from the 
quartz erystal for use in 
the pressure cells. 


For many purposes a rubber membrane was 


Stretehed over the foil so as to keep the electrodes and quartz plates 
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Fio. 6-24. Construction of a pressure cell that is insensitive to gross movements. 


pressed together. 
could be screwed over the aluminum tube. 


e covers were made with a short tube that 
nz In order to obtain a suitable 


degree of springiness the short tube was slit perpendicular to its axis. 
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At very high frequencies the layer of air between the quartz plate and 
the electrode may act as a cushion so that for small amplitudes in particu- 
lar the connection between the two is not stiff enough. If roughing up 
the pressure surfaces does not solve this difficulty, then the quartz surface 
can be coated with metal by the cathode-deposition method and this 
coating soldered to the electrodes. Unfortunately a temperature increase | 
may cause the crystal to crack. [Soldering in a temperature-controlled 
oven will prevent this.] A metallic connection between the pressure 
surfaces is not altogether necessary, and the cell can be glued together 
with an insulating lacquer without impairing its sensitivity. 

When the quartz plate was given a diameter of 4 mm and a thickness 
of 2 mm and the aluminum cover was 7 to 10 mm in diameter, it was 
possible, on contact with the head, to obtain a voltage that was several 


Measuring 
electrode 


S 


Insulation 


| I Coaxial cable 


Fra. 6-25. A compensated pressure cell with small mass. 


times larger than the voltage arising from over-all movements, even or 
frequencies as high as 10,000 cps. The effect of the compensation coul 
be tested by reducing or enlarging the mass of the electrodes, whi 
produced a significant increase in the voltage arising from overall 
movements. 
If it is not possible to determine exactly the direction of cut for the 
quartz plate, it is possible to cut two pieces with an approximate orient 
tion, assemble them to form a movement-sensitive cell, and then plat 
two cells together and bring them into contact with a vibrator. Fron 
the voltage produced it is possible to determine the piezoelectrie constan 
of the plates and then caleulate from Eq. (6-6) the mass of the electrode 
that will give the proper compensation. 
For frequencies above 10,000 cps a further reduction of the disturbant 
arising from general movements is desirable. This reduction is obtaine 
if aluminum cover M, shown in Fig. 6-24 is removed and the upper plat 
covered only with an aluminum foil, which is pressed directly against @ 
head. If an aluminum foil is also used for the measuring electrode, the 
according to Eq. (6-5) the instrument is unresponsive to general mov 
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ments when the two masses of quartz have the relations 


mi, ds 
A microphone with this construction is shown in Fig. 6-25. 

For many measurements it seemed desirable to use a condenser micro- 
phone for measurements of static and alternating pressures. To reduce 
the sensitivity to general movements as much as possible, the mass of the 
electrodes must be made as small as possible. Therefore an arrangement 
was used like one reported by Sell (2). A schematic cross section of the 


Thread with counter-weight 


Oscilloscope 
with Lissajous 
figure 


Electrode with 
rough surface 


Amplifier 


Vibrator issi 
Fia. 6.26, Methods of calibrating the pressure cell and of measuring the transmission 
of Pressure by the skin. 


microphone is shown on the lower left-hand side of Fig. 6-26. A short 
aluminum tube was attached to the electrodynamie vibrator, at the jop 
of which was an insulating ring of plastic. A steel electrode was a. 
^^ this ring, whose plane surface was roughened with a sandblast. On 
this rough surface was a plastie foil 0.001 mm thick covered in its m 
with thin aluminum foil. ‘The aluminum foil was connected to the inetal 
ube and grounded. A thin rubber membrane was strongly ha jh 
‚er the whole and fastened to the aluminum tube so as to oe the foi 
© Press on the roughened surface. When the microphone hada cnl 
cm its capacity was 30 em, and a pressure of 1 kg increased the 


capacit 5 
y to 50 cm. RE Riegger’s half-resonance- 


heso-changea in nanan 
ges in capacity w 3 Á 
curve method. In oe circuit shown in Fig. 6-26 the capacity of the 


microphone, together with an ‘inductance, forms a resonant’ circuit 
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between the grid and cathode of the tube R. A similar resonant capacity 
and inductance are introduced into the anode circuit of the tube. The 
capacity between grid and anode provides feedback so that the tube comes 
into oscillation. The plate current varies with the tuning and provides a 
measure of the capacity of the mierophone. The statie pressure can be 
read on milliammeter J, and the alternating pressure after amplification 
can be observed on an oscilloscope. 

An advantage of this condenser microphone is that it is easy to con- 
struct and is almost completely unresponsive to general movements. A 
limitation is that the pressure must always be uniformly distributed over 
the microphone surface. This presents no difficulty with a soft substance 
like the skin, which yields of itself, but when measurements are to be 
made on a solid object it must be completely flat and parallel to the 
contact surface. If large changes are made in the statie pressures the 
sensitivity of the microphone to alternating pressures will be altered and 
a special calibration will be necessary. 

The condenser microphone was calibrated by the method indicated in 
Fig. 6-26. First a thin rubber membrane was placed over the micro- 
phone, and then the quartz microphone connected with a large mass 
was brought in contact with it. The static pressure was adjusted to the 
desired value by means of a counterweight. The condenser C was given 
a value such that the plate current assumed half the maximal value 
obtained when the two resonant circuits were tuned alike. If now the 
rubber membrane was removed and the quartz cell brought into direct 
contact with the condenser microphone, a complete parallelism of the 
two contact surfaces, with uniform pressure at all points, gave the same 
plate current as before and served as an indication of the static pressure. 

The voltages arising in the two microphones were amplified and led to 
the two pairs of plates of a cathode-ray tube. An examination of the 
Lissajous figures and their variations with the frequency of the driving 
system showed that when the static pressure exceeded 100 grams the 
condenser microphone had uniform sensitivity from the lowest frequencies 
up to 13,000 eps. 

Because the quartz microphone was provided with a large mass and 
therefore exhibited only slight movements, it is possible in this situation 
to use an uncompensated pressure cell, and the pressure can be determined 
from Eq. (6-4) if the amplification is known. Also this equipment 
was used to check the sensitivity as calculated for the compensate 
microphones. 

Sound Transmission through the Skin. The equipment shown in 
Fig. 6-26 was used to study the nature of sound transmission through 
the skin and to determine the range of frequencies within which sound 
pressure is conducted through a layer like the skin of the head without 
loss of amplitude. For this purpose the web of skin between index finger 
and thumb was placed between an eleetrodynamie vibrator and a micro- 
phone connected to a large mass. 

First to be studied was the effect of static pressure on the transmission. 
If the vibratory amplitude of the electrodynamic driver was kept constant 
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and the static pressure was increased, the sound pressure as measured by 
the upper microphone increased sharply for the low frequencies. Often 
an increase in statie pressure from 
100 grams to 1.5 kg gave an in- 
crease of as much as a hundredfold. 
These increases of sound pressure are 
shown for various frequencies in Fig. 
6-27. This effect is well known. 
When the stem of a tuning fork is 
placed on the head, the loudness of 
the bone-conducted tone increases 
markedly as the pressure is increased. 

However, as the frequency of 
vibration exceeds 3000 eps this effect 
of static pressure grows smaller, and 
above 7000 eps the sound trans- 
mission is independent of the static 


Transmission loss, db 


pressure. This fact is readily dem- "° 
onstrated with bone-conducted tones, Mer 200 500 1000 5000 
for if the amplitude of the bone- Stotic pressure, grams 


conducted receiver is kept constant Fic. 6-27. The effects of static pressure 


the loudness attains its final value on anplitude Hoi nes eos » 
: i : 
pere 7000 cpa ns M the skin The skin was 2.5 mm thick and 0.8 sq cem 


makes a uniform contact with the vi- in area. 
brator. However, the transmission 
still depends upon the thickness of the skin and the area of contact. 
If, instead of the amplitude, the alternating pressure produced by the 
vibrator is measured, it is found to be independent of the static pressure 
When this pressure exceeds 300 grams. Some results are given in Fig. 
0-28. A static pressure of about 300 grams is evidently necessary to 
ensure a good contact between the skin and the pressure surfaces. The 
transmission of pressure occurs without loss, as may be proved by taking 
away the skin so that the microphones are in direct contact with one 
another. ‘Then the voltage ratio of the two microphones does not change, 
though the absolute value of the pressure may increase more than a 


hundredfold. seme 
For static pressures above 0.5 kg and a skin thickness of 2.5 mm i EY 
also be shown that the pressure transmission exhibits variations of only 
000 eps. A phase shift between the 


about 2 db for frec i 1 

juencies up to 0, : i l | 
eee ides of the skin becomes noticeab e only 
p essures observed on the two si tanding waves i 


above 8000 cps. This fact signifies that there are no $ 
the layer of skin for this range of frequencies. Am 
To investigate this matter further, direct measurements were made 0 
the speed of sound in the skin. The vibrator was made to produce a 
brief thrust, and the resulting voltage in the microphone was recorded 
With a dual cathode-ray oscillograph. The time differences found gave a 
Speed of sound above 100 meters per sec for a static pressure of 0.5 kg. 
The velocity of sound is probably this large by reason of the fact 
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that the skin, although .soft, is thin and adheres to the surface of the 
vibrator so that it undergoes only a slight degree of lateral displacement. 
The velocity therefore approaches that of a compression wave. The 
velocity would probably be less for a thicker layer of skin (Böhme). 

The above observations seem to indicate that under the conditions, 
with a pressure surface of 0.8 sq cm, a skin thickness of 2.5 mm, and a 
frequeney of 10,000 eps, the skin behaves like a transmission system 
consisting of a spring and frietion but without mass. Accordingly, the 
measurement of pressures seems a satisfactory way of investigating bone 
conduction. 

To test this method in a practical way, the vibrator was applied to the 
head as lightly as possible, when acting at a frequency of 4000 cps, and 
the loudness of the tone was compared with that of an air-conducted tone. 
The bone-conduetion receiver then had its amplitude reduced by 12 db, 
and was applied to the head with sufficient force to restore the reading of. 
the pressure mierophone to its former value. "The loudness was found to 
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Fra. 6-28. The effects of static pressure on the transmission of vibratory pressures. 
The vibration had a frequency of 2500 eps, and the skin layer was 2.5 mm thick. 


be exactly the same as in the first application. Thus it is proved that the: 
loudness of a bone-conducted tone is represented by the pressure reading 
and is independent of the properties of the skin. 

If the alternating pressure was kept constant, then the loudness of the 
bone-conducted tone for frequencies up to 2500 eps was the same when 
the vibrator was pressed directly on the teeth of the upper jaw as when it 
was applied through the lip, which had a thickness of 6 mm. ‘ 

Threshold Measurements. The greatest difficulty in the construction 


waves. The case of the bone-conduction receiver undergoes vibrati 
whose amplitude is inversely proportional to the ratio between the 
of the case and the mass of the vibrator. The upper surface of the case 18 
usually large, and an audible sound appears even when the vibratory 
amplitude is small. An attempt was made to reduce this source Al 
disturbance by using two vibrators acting in opposite phase yet syM- 
metrically, so that the ease did not vibrate. This arrangement Wå 
successful for low and intermediate frequencies, but for the high fre 
quencies it was not possible to avoid a change of phase between the tw? 
receivers, especially when the vibrator was applied to the head, so th t 
the symmetry of the two vibrators was lost. 

It is possible, however, as Jones and Knudsen found, to reduce 
aerial sound by enclosing the receiver in a metal case surrounded with 
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felt, and having only the vibrating rod exposed to the outside, as shown 
in Fig. 6-29. Fastened to the outside of the case was a metal ring that 
held a pair of rubber rings made by cementing the ends of a piece of rubber 
tubing together. When the vibrator was applied to the head the rubber 
rings made contact also and formed an airtight juncture. The metal 
ring was threaded so that it could be adjusted in height, so that the rubber 
rings would have little effect upon the pressure that the vibrator exerted 
on the hend. "The pressure of the rubber ring was so slight as to have no 
effect on bone eonduetion. Even pressing on the head with a kilogram 
weight rarely caused any change, because the skin is highly elastic. 
Adjustment for 


the vibrator distance 
from the head 


To the 
Sound air pump 
isolating 
box —— 


Pressure 
microphone 


Attachment of the 
vibrating rod 


Fro. 6-29. Construetion of a pressure bone-conduction receiver with low emission of 
aerial sound. 


The bone-eonduetion receiver was supported at an angle so that when 
the head was bent forward a contaet was made with the forehead. The 
contact pressure then consisted simply of the head's own weight. Any 
lateral slipping of the head was prevented by the large contact surface of 
the rubber ring. For some of the more protracted observations it was 
found better, in order to maintain the contact pressure and keep the head 
Aen steady, to introduce a suetion into the cavity enclosed by the 
ing, 

For precise measurements it is important 
Within close limits, for though there is no change in the transmission 
through the skin there may be a small variation in the conduction from 
the frontal bone to the ear. The pressure on the head can alter the elastic 
Properties of the bony wall. 

m he vibrator consisted of an aluminum 
rough an eleetrodynamie system with me 
res it parallel. The two membranes were 

at the amplitude of vibration would not b 


to keep the statie pressure 


tube extending all the way 
mbranes at the two ends to 
made as stiff as possible so 
e changed by the loading of 
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the head. Otherwise it will be found that when contact with the head is 
removed the amplitude rises sharply, and the forces of inertia in the 
quartz mierophone become so large, especially for high frequencies, as to 
produce a false indication caused by the over-all movement. It is not 
possible to make the microphone sufficiently insensitive to gross move- 
ments under these conditions. 

The quartz microphone shown in Fig. 6-24 was used for most of the 
measurements. The capacity of the instrument was measured by placing 
a small mass on its surface and setting it into vibration so that a particular 
reading was obtained. Then if a known capacity was introduced between 
the electrodes and ground the reading was reduced in proportion to the 
increase in capacity. From this reduction the original capacity could be 
calculated. For this test capacity a short piece of coaxial cable was used, 
because its value was easily obtained by calculation. [It is simplest to 
adjust this test capacity until the reading is reduced to half. ‘Then the 
original capacity and the test capacity are equal.] 

In the determination of the alternating pressures on the basis of Eq. 

(6-4) it must be borne in mind that the sensitivity of the microphone, 
when compensated for gross movements, is only one-third that of ordinary 
quartz. 
. Toobtain a direct reading of the alternating voltage, a known alternat- 
ing eurrent was applied between the middle electrode of the quartz cell 
and ground, and the resulting currents produced beyond the amplifier 
were measured. If the amplifieation is constant over the frequency 
range, the meter can be made to read directly the effective pressure. 

Persons who were hard of hearing were asked to press the forehead on 
the vibrator and reduce the amplitude by means of an attenuator until 
the threshold was reached. The effective pressure was read at the same 
time on a vacuum-tube voltmeter with a logarithmic scale. For persons 
with normal hearing, however, the amplification often was insufficient 
to give a reading. It was not possible to increase the amplification 
because of inadequacy of shielding. "Therefore, after the threshold was 
reached, the head was held as still as possible and the amplitude of the 
vibrator was increased tenfold or a hundredfold by pressing a button. 
This procedure was possible because for vibrations of this magnitude the 
response of the system was linear. 

The threshold measurements were made on the middle of the forehead 
because at this place they are most reproducible. On the side of the head 
the sensitivity is about 10 db greater, but the values may change by this 
amount when the vibrator is shifted a few millimeters. 

The thresholds for various frequencies and with the meatus open and 
closed are given in Fig. 6-30. For the latter series the entrance of the 
meatus was closed airtight by means of a very light rubber membrane. 
It appears that closure of the meatus increases the loudness for tones UP 
to about 2000 cps. This increase in loudness was also measured directly: 
The ear was closed with a finger, and at the same time an attenuator was 
adjusted so that the loudness was the same as with the ear open. The 
necessary change in attenuation is shown in Fig. 6-31. Beyond 200 cp$ 
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there are sometimes large increases in loudness, but these are usually 
limited to narrow bands of frequency. Sometimes also closing the ear 
with a finger produces a reduction of loudness. If the vibrator is placed 
on the side of the head the increases of loudness are usually larger. In 
these tests care was taken to keep the loudness at a high enough level so 
that there was no disturbance from the humming tone produced by the 
finger. A further precaution was to make sure that no sound was audible 


20 50 100 200 500 1000 2000 5000 20,000 
Frequency, cps 
Fra. 6-30. Bone-conduction thresholds with open and closed meatus. The dot- 
dashed line represents a slope of 0.77. 


when the head no longer made contact with the vibrator. For this 
purpose the metal ring shown in Fig. 6-29 was screwed out so that when 
the head was lifted a little from the vibrator the rubber rings still made 
contaet. 

Sometimes the threshold curves showed a slight rise below 500 cps. 
It was first thought that this might be due to the presence of overtones. 
To test this possibility the vibrator was loaded with a large mass so as to 
reduce the mechanical resonance to about 70 cps. The mass acted like a 
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Fra. 6-31. Effects on loudness of closing the meatus with th 


e finger. 


filter, yet the measurements of threshold were the same as before. How- 
ever, these observations were not well reproducible, because it Dp 
continually necessary to adjust the resonance 25 the static pressure of the 
head changed. To avoid this a mechanical low-pass filter was con- 
structed. It consisted of four loudspeaker diaphragms, two brass rings, 
and three brass cylinders assembled as in Fig. 6-32. With this arrange- 
ment it is easily possible to reduce the first overtone about, 35 — 
than the fundamental. Here also the static pressure results in a change 
in the tuning to the fundamental frequency, because it stretches the 
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loudspeaker diaphragm and changes its elasticity. However, this does 
not disturb the measurements. The values obtained from the thresholds 
were exaetly the same as before. 

This filter has the disadvantage of being subject to lateral vibrations. 
Such vibrations can be avoided by the use of restraints as suggested by 
Gerdien (see Müller-Pouillet, 1), but in 
the present situation they are not neces- 
sary. A simple caleulation shows that 
the frietional forces produced by lateral 
displacements of the end of the vibra- 
tor are extremely small. If a flat 
aluminum plate is pressed against the 
forehead and set into vibration lat- 
erally by placing the stem of a tuning 
fork against it, no bone-conducted tone 
can be heard. 

It is possible to account for the change 
in threshold sensitivity produced in the 
: low frequencies by a closure of the 
im 6-32. A mechanical low-pass meatus. Thus if the frontal bone is 

ter. The middle cylinder M; d R Severa 
connects the second and third CUSCA to vibrate at low frequencies 
diaphragms. the whole mass of the skull executes 
, parallel displacements. Only the lower 
jaw remains relatively motionless because of its inertia, since it is not 
directly connected with the other bones. The meatus is compressed, 
because it is close to the articulation of the jaw (see page 144). Then 
when the meatus is closed there arises a variation of air pressure that 
acts upon the eardrum. 


Sound pressure, 
dynes per sq cm 
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F16. 6-33. Threshold curves in a person after radical mastoid operations on both ears. 


Ww hen a constant pressure acts on the mass of the head, the resulting 
amplitude of vibration varies inversely as the square of the frequency, 7.6, 
as n7, when n is the frequency. Therefore the pressure variations in the 
auditory meatus decrease as n-?, It is known that for low tones the 
sensitivity of the ear by air conduction increases with frequeney almost 
exactly as n*77, But because the sound pressure in the meatus becomes 
less ns the frequency rises, the increase in sensitivity by bone conduction 
only increases as n?77, This function is represented in Fig. 6-30 by the 
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dot-dashed line, which has nearly the same slope as the threshold eurve 
in the region of 50 to 500 eps. 3 

The prominent increase in sensitivity in the region of 2000 eps appar- 
ently is assoeiated with a resonance of the ossicles. It disappears after a 
radieal mastoid operation, in which the eardrum, malleus, 
and ineus are removed. Figure 6-33 shows the mean 
threshold obtained in a person after this operation had been 
performed on both ears, and in whom the clinical tests 
indieated the inner ear and auditory nerve to be normal. 
A elosure of the meatus does not produce any changes of 
loudness after this operation, evidently because air conduc- 
tion on such a ear is extremely weak. 

The equipment deseribed above is well suited to the 
absolute calibration of the tuning forks used by otologists 
for tests of bone conduction. For this purpose the tuning 
fork was usually given a maximal vibration, by striking it 
on the knee, and was then placed on the forehead. The 
tone that was heard was compared in loudness with the 
tone of a bone-conduction receiver whose characteristics 
were known. It is also possible to fasten a pressure micro- 
phone of small mass directly to the tuning fork and place 
the fork on the forehead. The sound pressure generated by 
the fork is then read directly. 

Most otologists use a 250-cps fork for testing bone con- 
duetion. Ordinarily it is provided with a broad base as f 
shown in Fig. 6-34. Such a fork, with a total length of 18 oe: 
em, when maximally exeited gave a force by bone conduc- for bone- 
tion of 5 x 10* dynes when applied with a static pressure conduction, 
of 500 grams, and its damping rate was 57 db per min. tests. 
The same fork used for air conduetion gave a sound pres- 
sure of 4 dynes per sq cm as measured in the meatus by means of i 
sound probe. Its damping at first was 35 db per min and fell off ~~ 
after 30 see, it was 22 db per min. For the air-conduction tests the for 
was held with two fingers at the middle of the stem. 


VIBRATION OF THE HEAD IN A SOUND FIELD* 

ave shown that it is difficult to 
h ears if the difference between 
In this case “cross hearing” 
hat is delivered to the other, 
on through the head—makes 
The intensity of the masking 
that the threshold of the ear 
s are disturbed by the 


Routine audiometric measurements h 
Measure the thresholds of hearing of bot 
the two thresholds is more than 40 db. 
(Lane)—hearing with one ear the tone th: 
Which is usually attributed to bone condueti 
it necessary to mask the more sensitive ear. 
noise must be adjusted for each listener so 
to be measured is not changed. Many person 
unfamiliar noise. 


* Article 52 as listed in the Author's Bibliography. Published in 1948. 
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The purpose of the following investigation was to find a way to reduce 
eross hearing and thereby make it possible to dispense with the masking 
noise. With this aim, measurements were made of the amplitude of the 
vibrations of the skull, using several types of receivers in order to find 
out which type produced the smallest effect. 

There are many other problems in which the relation between air 
conduction and bone conduction plays a role. During the war many 
governments spent considerable sums of money for the development of 
earplugs. In these developments, it was found impossible to construct 
an earplug whose attenuation for air-borne sound was more than 35 to 
40 db in the frequency range between 100 and 8000 cps. Some authors, 
such as Watson and Knudsen, have attributed this limitation of per- 
formance to the vibrations set up direetly in the bones of the head by the 
sound field. Inasmuch as the amount of insulation is about the same for 
cross hearing and for earplugs, it is interesting to investigate the pos- 
sibility that the mechanisms are also the same. (The fact that it is 
possible to get greater attenuation than 40 db in an ear filled with earwax 
seems to indicate that factors other than bone conduction may also 
play a role.) 

Our lack of knowledge on this point is particularly disturbing when we 
try to evaluate the effect of a surgical operation aimed at improving 
auditory sensitivity. For instance, after an otosclerosis operation some 
audiometers show improvement of the nonoperated as well as the operated 
ear, whereas with other audiometers the threshold of the nonoperated ear 
does not change. 

So far as the writer is aware there exists only one monograph dealing 
extensively with hearing by bone conduction, namely, the paper by 
E. Bárány in 1938, though many of the problems were perceived by 
duVerney more than two centuries earlier. 

Vibrations of the Skull. When the skull touches a vibrating body, the 
vibrations are transferred to the skull. If the frequency of the vibra- 
tions is low, we can expect the whole skull to vibrate as a rigid body. If 
we assume the neck to be soft in comparison with the skull, we may expect 
the movements of the head to be translational movements. At higher 
frequencies, the forces caused by the inertia of the head enter the picture, 
and the skull undergoes deformations. As a result nodal lines appear on 
its surface. The frequency at which the change in the vibratory pattern 
occurs is important in the study of bone conduction. 

It is difficult to measure the vibrations of the bony wall with a pickup 
because soft skin is an inefficient transducer of the vibrations of the bony 
wall. The thickness of the skin, furthermore, changes from one place on 
the head to another, so that it is necessary to develop a method of 
measurement that is independent of the properties of the skin. 

The impulse method was used to measure the elastic and frictional 
constants of the skin of the forehead. A vibration pickup with a round 
surface 30 mm in diameter was pressed against the forehead with a 
pressure of 3 kg. (This is the most convenient pressure because it does 
not fatigue the neck muscles and can easily be produced by the arm, 
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making it possible to hold the pickup in the hand.) When the incisors 
were clicked together, the bones of the head were given an impulsive 
movement, and the pickup was set momentarily into oscillation. Oscil- 
lograms showed that when the mass of the pickup was multiplied by 
four, the frequency of the damped oscillations was halved. But for a 
further inerease of the mass this rule did not hold, because the mass of 
the pickup was no longer small in comparison with the mass of the head. 
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Fig. 6-35. Damped oscillations recorded 
by a pickup. The stimulus was a click- 
ing of the teeth, The mass of the pickup 
was 230 grams for a and 460 grams for b. 


Fic. 6-36. The pickup system with its 
mechanical and electrical analogies. 


and the pickup diminished the fre- 
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yer of rubber between 8 E edLigaodqickaip 


quency of the oscillations of the system consisting o 
together. — 
The upper photograph of Fig. 6-35 shows the damped vt oi a 
pickup on the forehead when the pickup was given a mass m of 230 grams 
and a pressure surface 30 mm in diameter. The lower photograph was 
made under the same conditions but with a mass m of 460 grams. The 
time marks occur at intervals of Yoo sec. The 3-kg pressure on the 
Pickup was maintained by a very flexible spring, SO that a small change 
in the position of the supported end of the spring did not modify the 
oscillations, ] 
These oscillations indicate that the skin 
sented by the analogous electrical circuit s$ 


pickup system can be repre- 
hown by Fig. 6-36 (see Fire- 
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stone, 1). The mechanical resistance across the skin is due to the radial 
flow of the skin under the pressure surface during the vibrations. The 
clicking of the incisors is represented in the electrical analogy by a short 
voltage pulse in the resonant circuit. The velocity amplitude of the 
vibration is given by the current through the mechanical or electrical 
elements. 

The compliance, i.e., the displacement under unit force, of a patch of 
skin of the forehead (area S = 7 sq em) can be obtained from the equation 


f = 1/2r(mC,)* 


where f is the frequency of the damped vibrations, m the mass of 
the pickup, and C,, the compliance of the skin. It was found that 
Cm = 1.7 X 107? em per dyne. It is possible to fold the skin by lifting 
it off the bone. The double layer of skin thus formed was found to be 
8 mm in thickness, a single layer being presumably 4 mm thick. The 
compliance of the skin depends upon the pressure. Making the pressure 
ten times as small makes the compliance three times as large. The 
Pr mod. increases, also, if the pressure is applied for a long time to the 
skull. 

The first displacement in the photógraphs of Fig. 6-35 is distorted by 
the clicking of the teeth. "The next vibrations, however, represent free 
vibrations, so that we are able to determine the frietional constant of the 
skin from the logarithmic decrement of the vibrations. If A; and As 
are the amplitudes of two successive vibrations, the equation for the 
resistance is given by p 

Logarithmic decrement = In A = Aaa 
A» 2mf 
when R represents the ohmic resistance in the analogous electrical circuit. 
The obtained values are between 10° dynes per em per sec and 3 X 10° 
dynes per em per sec. With these 
values, it is possible to calculate 
the transmission of the skin pickup 
system. Bárány measured the 
mechanical properties of the skin 
by a different method, using 4 
smaller knob, His result for the 
compliance is about the same as 
the present in so far as it is possible 
to make a comparison. 

The best way to investigate the 
vibratory pattern of the skull 
seemed to be to measure the phase 


Fic. 6-37. Determination of the reso- 


nance frequency of the head by ph . $ : 
ae y pħase of the vibrations at different 


Pec : places on the skull From the 
phase pattern it is possible to see what part of the bony wall is moving 
inward and what part outward. The setup for the phase measurement 
is shown in Fig. 6-37. The microphone M, on the forehead is con- 
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nected to the vertical plates of a cathode-ray tube. The microphone 
M» on the back of the head is connected to the horizontal plates 
of the tube. For low frequencies the movements of various parts of the 
head are simple parallel movements in the same direction. The vibra- 
tions as recorded by the two microphones are opposite in phase, and on 
the screen of the eathode-ray tube we see a trace like the continuous line 
in the figure. Upon raising the frequency to 1000 eps, we find that the 
line remains in this position. As we go beyond 1000 eps, however, the 
trace becomes vertical, and around 1500 eps it reaches the position of the 
dotted line. At this frequency the forehead moves forward as the back 
of the head moves backward, and vice versa. 


Fic. 6-38. The vibratory pattern of the skull (a) below the resonance frequency and 
(b) above the resonance frequency. 


For these observations it is necessary to measure the phase of the 
vibrations of the bone as transmitted through the skin. Because the 
thickness of the skin varies from place to place, valid measurements 2 
possible only if a method can be found that is not influenced by t ; 
mechanical properties of the skin. It is well known that d ge 
eireuit, like the skin piekup system, the phase between "m sites = 
velocity of the pickup approaches a constant value as = i^m 4 " 
increased beyond resonance. To measure the phase, t EE us 
necessary only to keep the frequency well above the resonance freq y 
of the system. 

A Me. receiver was placed on the forehead, vv one s e 
pickups was placed nearby. The other pickup was Weed an 2 
back of the head. Up to the frequeney of 1500 eps, the vi hi LONS O; = e 
skull of a male subjeet were translational movements, as 8 iin x bs 
6-38a. At 1600 eps the back of the head showed no €— 2 Y : 
forehead vibrated. At 1800 eps the vibrations of the back of the € 
Were about as large as the vibrations of the forehead. This longitudina 
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compression and expansion of the skull marked the first resonance fre- 
quency. A further rise in frequency moved the nodes of the vibratory 
pattern to the forehead until once again the back of the head did not 
vibrate. Ata still higher frequency à new node was formed and moved 
again toward the forehead. These observations are in agreement with 
earlier measurements (see page 130). 

From the fact that the resonance frequency of the skull is 1800 cps we 
have to conclude that the wave velocity of the deformation along the 
surface of the skull cannot be high. As shown in Fig. 6-385, the move- 
ments of the forehead and the back of the head are, at 1800 eps, just in 
phase relative to the surface of the skull. Therefore the wavelength of 


(a) 


(b) 


Fig. 6-39. Measurements of the wave velocity along the skull wall. In (a) two 
pickups were on the forehead, and in (b) one was on the forehead and the other on the 
back of the head. The source of vibration was a clicking of the incisors. 


the skull deformation is equal to one-half the circumference of the head 
30 cm in the present case. This gives a phase wave velocity c of 540 
meters per sec for 1800 eps. : 

A direct determination was made of the wave velocity of the deforma- 
tion by pressing one pickup on the forehead and a second pickup on the 
back of the head and measuring the difference between the times of arrival 
of a wave caused by a clicking of the incisors. The deformation produced 
by this click propagates over the whole skull, one wave going over the 
crown of the head and another along the base to the back of the head. 
The thickness of the bony wall is much greater at the crown of the head 
than it is at the base. Considering only the starting points of the waves 
in the oscillograms of Fig. 6-39, we are therefore measuring the velocity 
of propagation at (or in the vicinity of) the crown of the head, because the 
velocity is higher in the thicker wall 
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The oscillograms were made with a dual-beam cathode-ray oscillograph 
with a common time base. The two vibrations were clipped at different 
amplitudes so that it would be possible to refer each trace to its proper 
pickup. To counterbalance inequalities in the pickups, four pictures 
were taken: (1) with the two pickups on the forehead, (2) with the first 
pickup on the forehead and the second on the back of the head, (3) with 
the two pickups on the back of the head, and (4) with the first pickup 
on the back of the head and the second on the forehead. 

Record a of Fig. 6-39 shows the two pickups together on the forehead. 
There is no time difference between the starting points of the two waves. 
The frequency of the oscillations was different for the two pickups, 
because the thickness of the skin and the pressure were not exactly the 
same. As one of the pickups was moved past the ear to the back of the 
head, the time difference increased progressively until it reached a maxi- 
mum at the back. This is represented in b of Fig. 6-39. The time scale 
is 1/0900 sec, making the wave velocity c = 570 meters per sec for clicks. 

The amplitude of the component of the traveling wave that is perpen- 
dicular to the surface decreases as we pass around either side or over the 
crown of the head, but at the back it again reaches the amplitude that 
was measured at the forehead. This can be explained by the fact that 
the size of the wavefront is larger on the sides of the head than it is at 
either the forehead or the occiput. a s 

Vibrations of a Sphere and of the Human Head in a Free Field. It 
is difficult to measure the vibrations of the head that occur in a free 
sound field because a pickup is activated not only by the vibrations of the 
skull but also by the air-borne sound. The vibrations of the wires lead- 
ing to the pickup may indeed transfer a greater amount of motion to the 
pickup than the vibration of the skull. à f 

Fortunately, Lichte succeeded in calculating the forces acting on i 
Sphere, and the caleulation was extended to a pulse ‚wave by Zoller. h 
R is the radius of the sphere, p the sound pressure in a free field, i: = 
wavelength, f the frequency of the sound, F the force acting on i sp e 
m the mass of the sphere, and A the displacement amplitude, we have 


following equations: 


aR (AN, 2R 
F = 4rR*p È cos E - (2) sin ^y (6-7) 
F 
A= ns 


A man who weighs 64 kg has a head that weighs about 4.5 "d EE 
to H. Vierordt. If we take for the average radius of the head R = m 
and the sound pressure in the free field p = 10? dynes per sq ii we s ea 
for the elongations of this sphere at various frequencies the values shown 
by the heavy solid curve of Fig. 6-40. The short-dashed curve op Marti 
the vibratory amplitude of a plane disk with the same mass En * g 
and the same pressure surface, when the sound pressure acte và y = 
One side of the disk, At frequencies near 1000 eps, the movements of the 
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sphere are larger than the movements of the disk because at this frequency 
the diameter of the sphere is about the same as the half wavelength of the 
sound; the pressure acts in the same direction on both sides of the sphere. 
As the wavelength becomes small relative to the diameter of the sphere, 
the amplitude of vibration of the sphere drops rapidly. 


x Ep 
ss, 


o> 


9 
> 


calculated 


107 


Amplitude of vibration, cm 


n 


100 200 300 500 1000 2000 3000 5000 
Frequency, cps 
Fie. 6-40. The vibratory amplitudes produced in a sphere or a disk in a free sound 
field. The heavy solid curve represents caleulated values for a sphere, the long- 
dashed curve represents calculated values for a disk, and the thin curve with dots 
represents measured values for a sphere. 


Loudspeoker 


se 50 cm 


Fig. 6-41. Wooden sphere with a pickup fixed in the center. 


For measuring the vibrations, a wooden sphere was used with the 
pickup fixed in the center. The two halves of the sphere were screwed 
together as shown in Fig. 6-41, and all seams were filled with plasticine. 
The distance between the sphere and the loudspeaker was about 50 cm. 
This distance was large enough to make it possible to neglect the distor- 
tions caused by the nature of the wavefront. The thin curve of Fig. 
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6-40 shows some measurements made with a commereial vibration pickup. 
The agreement between the measurements and the caleulated values is 
fair if we take into consideration the difficulties of measurement. A 
sphere of larger radius and greater mass, when the pickup was placed in 
different orientations with respect to the direction of the sound, also 
yielded measurements in good agreement with the calculations. It is 
difficult and expensive to build a vibration table for the calibration of a 
pickup, particularly at high frequencies. It is easy, however, to make 
precise measurements of sound pressure. It appears, therefore, that the 
measurement of the vibrations of a sphere in a sound field provides a 
convenient method for the calibration of vibration piekups. For this 
purpose the pickup is put in a small sphere made of plasticine, so that 
sound waves within the sphere will not disturb the measurements. 

In the situation considered, the pickup was surrounded by the wall of 
the sphere, and air-borne sound waves did not disturb the measurements. 
But the vibratory amplitudes of the head can be measured only by 
placing the pickup in contact with a peripheral part of the head, e.g., the 
teeth. The pickup is thus exposed to the sound field and must at the 
same time have as small a mass as possible, so that it can follow the 
vibrations of the teeth. 

When the radius of the sphere is small relative to the wavelength A of 
the sound, we obtain for Eq. (6-7) 


F = M X Arf er 


and for the amplitude of the motion 


F p (6-8) 


= (2zf)*m lí 2nfpc 


Here p is the average density of the sphere and c is the sound velocity. 
The amplitude of VibrA idR of a small sphere is independent of the radius 
of the sphere and inversely proportional to the frequency. A jose 
With the wooden sphere, as a substitute for the head, shows t. a 2% 
1000 eps a small pickup with a density p = 1.5 grams per cu em has he 
same amplitude of vibration as does the head which we wish to rp a 
Above 1000 cps the vibrations of the small pickup in the free sound fie 
are larger than those of the head. A 

If ii. need a piekup that vibrates with so small maus Rib 
When we bring it into contact with the head, the amplitude is inereased a 
least three times (which is suitable for our purposes), we must use a 
Pickup with density p = 4.5. Changing the shape of the pickup e R 
little avail. There are, however, some places on the sphere at w s : 
because of interference, the sound pressure at high frequencies is smaller 
than it is in the free field. It may therefore be possible to measure the 


Vibrations of the wooden sphere at the pues) painta. Sy peas 
The pickup used here was a small cylinder 2 em in diameter anc 2 
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length. In its center was a pendulum, as shown in Fig. 6-42. When à 

vibrating body is brought into contaet with it, the housing of the pickup 

makes the same movement as does 

the vibrating body, and the bob of 

vcn the pendulum stands still The 

relative movements were recorded 

electromagnetically. To assure high 

sensitivity over the entire frequeney 

range under investigation, three 

pickups were used with different 

resonance frequencies. In this way 

xe hà arcae din piep ith it was possible also to eliminate the 

Mert for vibrations and low disturbing movements of the muscles 
sensitivity for air-borne sounds. ofthe head! and hand: 

To measure the vibrations of the head the calibrated wooden sphere 
was located about 50 em from the head in a sound field. The sound 
pressure was adjusted so that the pickup touching the sphere gave a 
fixed output; then it was changed until the pickup touching the teeth 
yielded the same output. From the difference between the two sound 
pressures, it was possible to calculate the amplitude of vibration of the 
teeth. Below 1000 eps the measurements were easily reproducible: no 
differences were found between the amplitudes of vibration of different 
teeth of the upper jaw. Near 1200 eps there were some resonances in 
the cavity of the mouth, so that the opening of the mouth could change 
the amplitude of vibration. At 2400 eps the incisors showed resonance 
frequencies and had amplitudes of vibration four times as high as the 
molars. The amplitudes of the lower jaw were always about one-third 
of the amplitude of the upper jaw. The measurements were made with 
sound pressures between 30 and 100 dynes per sq em. Figure 6-43 shows 
the measured amplitudes extrapolated for a sound pressure p = 10? dynes 
per sq cm. The vibrations are definitely larger than those of the cor- 
responding wooden sphere. The vibrations of the head correspond to 
those of a wooden sphere with a mass between 3 and 3.5 kg. ‘The effec- 
tive mass of the head is therefore smaller than the statie mass. 

Relative Amplitudes of Vibration of the Air Particles, Eardrum, 
Stapes, and Basilar Membrane. To provide a better picture of the 
relative importance of head movements in response to a sound pressure 
of p = 10° dynes per sq em, the lowermost curve of Fig. 6-43 shows the 
absolute threshold for hearing by bone conduction as measured at the 
forehead. "These are the smallest amplitudes of vibration of the forehead 
that can be detected by the ear. The auditory meatus was open, and 
the measurements were made by the method previously described (page 
51), which gives measurements of the vibrations of the bony wall 
through the skin. ; 

For purposes of comparison, a ealeulation was made of displacement 
amplitudes A of the air particles in a free sound field for a sound pressure 
p = 10° dynes per sq em. If p is the density of air, c the velocity of the 
sound in air, and f its frequency, we have again A = p/2xfpc. This 


Pendulum 


BONE CONDUCTION 173 


result is based upon practically the same assumptions as those underlying 
Eq. (6-8). The eardrum can reach this sensitivity only by resonance. 
Even if the eardrum had no weight, so that it could follow exactly the 
vibrations of the air, we still would not have at the lower frequencies 
the same amplitudes of vibration that exist in the free field. The volume 
V of the middle-ear cavity is about 2 eu em. If a cavity of this volume 
were closed with a weightless drum of surface area s’ = 0.66 sq em, the 
displacement amplitude of the imaginary eardrum (see page 137) would 
be A = Vp/pc?s'. 
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Fra, 6-43 Up; ix curve: litudes of vibration of the human head, eardrum, 

o. per six curves, amplıtu = 3 
Stapes, basilar membrane, and air and water particles for tuted (uper 
dynes per sqem. Lowermost curve, amplitude of the head at the thresho! 


by bone conduction. 


The real eardrum does not make pistonlike translational movements 
but turns about an axis on its upper edge. If the middle of the drum is 
observed, the movements seen at low frequencies are about the same as 
the movements calculated from the volume elasticity (page 70). This 
Means that the vibrations of the eardrum are limited not by the er 
of the eardrum but by the elasticity of the air volume. The amp on 
of this type of vibration is independent of the driving frequency (the 
driving pressure being held constant). The vibrations of the N 2 
are equal in amplitude to those of the air particles in the free sound fie 
at frequencies around 1000 eps. Above this frequeney so many reso- 
hances influence the movement of the eardrum that the transmission is 


ighly irregular. 
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It is possible to determine the amplitude of vibration of the stapes for a 
sound pressure p = 10? dynes per sq em in the following manner. First, 
we determine the pressure transformation in the ear canal (see Wiener 
and Ross, and page 268) so that we have the ratio between the pressure 
on the eardrum and the free sound field. From the pressure on the ear- 
drum we calculate the volume displacement of the round window (page 
432). If we assume that the volume displacement of the round window 
is the same as that of the stapes, we obtain the amplitude of vibration of 
the middle part of the stapes as shown in Fig. 6-43. Measurements of 
the volume displacement of the stapes (page 455) make possible a calcu- 
lation of the maximal amplitude of vibration of the basilar membrane. 
We see in Fig. 6-43 that the amplitude of vibration of the basilar mem- 
brane is larger than that of the stapes, especially for higher frequencies, 
because the surface area set into motion is smaller than the surface 
of the stapes. 

When we put into Eq. (6-9) the values for water, we obtain the ampli- 
tude of vibration of water particles for a pressure p = 10? dynes per sq em. 
A comparison with the amplitude of vibration of the head shows that 
ms 2500 cps the direct sound pressure in the skull may be an important 

actor. 

Vibrations Transmitted from a Telephone to the Skull. For audio- 

metric measurements it is important to know the magnitude of the vibra- 
tions transmitted to the skull from the diaphragm of the earphone. The 
movements of the diaphragm set up opposite movements in the earphone 
housing, so that the center of gravity is maintained. These vibrations 
are transmitted through the auricle to the head. The sound pressure in 
the auditory meatus also moves the head. 
) Several types of earphones were put one at a time on the artificial head 
in such à way that the axis of the earphone was the same as the axis of 
maximal sensitivity of the vibration pickup. Electrodynamic earphones 
produced small vibrations through the whole frequency range. Most 
magnetic earphones, on the other hand, had very bad resonances. 
Rubber earphone cushions greatly reduced the vibrations at low fre- 
quencies, When two earphones were placed on the head and connected 
in such a way that their diaphragms vibrated symmetrically, the ampli- 
tude of vibration of the head at high frequencies was only a few decibels 
below the value produced by one earphone. 

E The same measurements were made on the actual head, and the vibra- 
tions of the molars in the direction of the phone were determined with the 
small piekup. Figure 6-44 shows the amplitudes of vibration for a sound 
pressure p = 10? dynes per sq em at the eardrum. The solid curve 
eT the Meg de a dynamic earphone and the broken curve those 

or a magnetic earphone. Each earphone h ushi type 
MX-41/AR). p p ad a rubber cushion (typ 

Cross Hearing. When only one ear is partially deafened, it is difficult 
to obtain an exact threshold for the deafened ear. The sensitive ear 
hears the tone transmitted through or around the head from the deafened 
ear. The transmission loss from one side of the head to the other side, 
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for dynamie earphones with rubber cushions, is 40 to 50 db in the fre- 
quency range from 100 to 10,000 eps (Lane). It is possible to make 
threshold measurements on the deafened ear only by using a masking 
noise in the better ear. The intensity of the masking noise must be 
adjusted in each individual ease. Because the masking noise tends to 
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Fic. 6-44. Vibrations of the skull produced by an earphone mounted on one side of 
the head, for a sound pressure of 10% dynes per sq em. Two types of earphone were 
used, as indicated. 


disturb patients without training in threshold measurements, it seems 
important to have, for some cases, an earphone that would minimize 
cross hearing and make it unnecessary to use à masking noise. 

A comparison between the amplitude of vibration of the eardrum 
(Fig. 6-43) and that of the skull (Fig. 6-44) shows that at 1000 eps, for 
example, the vibrations of the head 
are 90 db lower. It seems improba- 
ble, therefore, that cross hearing in 
the middle frequency range is due to 
Skull vibrations. 

Sound vibrations ean pass from 
one ear to the other by following the 
band of the headset or by traveling 
around the head. Measurements 
Showed that at low frequencies a 
difficulty arose as a result of trans- 
mission by way of the headband 
When certain magnetic earphones Fre. 6-45. Experiment showing that 
Were used. In those instances, it cross hearing is due to air conduction 
Was sufficient to isolate the earphone and not to bone conduction. i 
case from the band of the headset by S 
a piece of rubber, as shown in Fig. 6-45. With most of - earphones, 

owever, the headband was not an important leakage pa en, 
Sound, a small plastie tube was introdu: > : 
(MX-41/AR) d dei right earphone (Fig. 6-45), and this tube was con 
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nected to the ear of a second subject. Then the second subject could 
hear the tone in the ear canal of the first subject. In the first subject’s 
left ear there was a strong tone of frequency f1 — 1 eps so that a bent of 
l eps was heard. By Lane's method, the sound pressure on the right 
side was adjusted in such a way that the sound intensity went through 
zero during the beats. When the cross hearing is caused only by air- 
borne sounds the two observers must have “best beats" at the same 
intensity adjustment. This is exactly what was observed. To make 
sure that the plastic tube did not disturb the physical situation, the tube 
was clamped near the earphone cushion, and no change occurred in the 


sound heard by the first listener. The measured value of interaural 
isolation was 50 db. 

After this preliminary experiment it seemed probable that cross hearing 
could be greatly reduced. As shown in Fig. 6-46, the sound from an 


Fic. 6-46. Earphone designed to minimize cross hearing. 


electrodynamie source was fed to the ear through a plastie tube 3 mm in 
diameter and 15 em long, leading through a perforated earplug. The 
thickness of the wall of the plastic tube was 0.3 mm. A thread was placed 
inside the plastic tube to prevent resonance. The transmission charac- 
teristie of the tube then showed a fairly smooth decline with increasing 
frequency. The pressure transmitted to the head was small because the 
active pressure surface was only the cross section of the tube. The 
sound source was enclosed in a soundproof box. When a tone 5 db above 
the threshold of hearing was led to the opposite ear, it usually was 
necessary to increase the pressure in the tube almost to the threshold of 
feeling to obtain a beat that went through zero loudness, This appears 
to indicate that the plastic tube and earplug combination permits little 
cross hearing. 

Even when an ordinary earphone is used to test uniaural hearing, it is 
possible to reduce cross hearing by using an earplug in the other ear. 
The reduction of the cross hearing is approximately equal to the sound 
insulation provided by the earplug. 
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Hearing by Bone Conduction in a Free Sound Field. The problems of 
hearing despite middle-ear deafness, and hearing despite the use of ear- 
plugs, make it important to know to what extent air-borne sound can be 
heard by bone conduction. The impact of the sound waves on the head 
leads to three different kinds of bone conduction: (1) the direct movement 
of the whole head, which gives rise to an inertial reaction on the auditory 
ossicles, (2) the penetration of the sound waves into the head, and (3) 
the deformation of the skull by the mass reaction acting during the 
vibrations. 

If we assume that hearing by bone conduction is produced only by the 
translational movements of the head, then it is possible (as E. Bárány has 
shown) to calculate for the threshold of hearing in a free sound field the 
amplitude of the vibrations of the head, and to compare it with the 
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Fic. 6-47. Intensity of the sound field required to produce a given loudness by bone 
conduction, expressed in decibels above that required for the same loudness by air 
conduction, The two curves show calculated and measured values. 


amplitude of vibration at the threshold of hearing by bone conduction. 
These calculations lead to the conclusion that the vibrations that reach 
the cochlea by bone conduction are 48 to 53 db below the pressure of 
the air-borne sound in the frequency range from 200 to 800 cps. i 
We have seen that the skull changes its vibratory pattern at i 
frequencies, It is necessary, therefore, to determine whether at hig! 
frequencies the amplitude of vibration of the head, i.e., of the forehea ; 
alone is important, or whether we must also consider the deformation o 
the skull. 


To investigate this problem, the following experiment was performed. 


First, a bone-conduction receiver was placed on the forehead and adjusted 
in amplitude of vibration until a pickup, also on the M pue en 
easily measurable voltage. Then the sound pressure of gn pe 

Was adjusted until the loudness of the air-borne sound was t e ipa as 
that of the bone-conducted sound. Finally, with the head moved away 
from the bone-conduction receiver, the sound pressure was raised until 
the pickup yielded the same output that it had done in response to the 
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bone-conducted vibrations. The ratio between the two sound pressures, 
expressed in decibels, is represented by the smooth curve in Fig. 6-47. 
In these measurements, the transmission characteristics of the skin and 
fatigue of the ear do not play any role. 

Figure 6-43 shows the amplitude of vibration of the forehead in a sound 
field with a pressure of 10* dynes per sq cm and also the amplitude of 
vibration of the forehead at the threshold of hearing. The differences d 
between these two curves can be expressed as decibels above threshold. 
With the aid of standard curves* we can also determine the difference in 
decibels between the pressure p = 10% dynes per sq cm and the threshold 
pressure for aerial sounds. If we call this difference D, then D — d 
represents the number of decibels by which air-borne sound is more 
effective than bone-conducted sound. The calculated values are shown 
by the dashed line of Fig. 6-47. At the lower frequencies the agreement 
is fair, but for the higher frequencies a discrepancy is obvious. Above 
400 eps the vibratory pattern of the skull in a free sound field is different 
from the pattern produced by a small, rigid vibrating body. It is possible 
that the forehead yields more to the bone-conduction receiver than to 
the sound field. This would make the vibrations set up by the bone- 
conduction receiver too large. 

Maximum Insulation That Can Be Provided by an Earplug. From 
Fig. 6-47 we can conclude that, in a free sound field at low frequencies, 
the threshold for bone-conducted sound is more than 60 db above the 
threshold for air-borne sound. Therefore it appears that the limit of 
attenuation that can be provided by an earplug is set by bone conduction. 
To demonstrate this point, the following experiments were performed. 

In all these experiments, earplugs (type NDRC V-51R) were used and 
were pressed so deep into the auditory meatus that the attenuation was 
more than 40 db at all the frequencies tested. The fact that it is possible, 
at 200 cps, to improve the attenuation from the ordinary value of 35 db 
to a value of 45 db by pressing the earplug deep into the meatus makes 
it appear probable that the limit for the attenuation is set by the meatus. 
Phat there is no relationship between the skull vibrations and the attenua- 
tion shows that the attenuation is the same in the free sound field as it is 
when the sound is delivered through an earphone, even though the 
measured amplitudes of vibration are different. 

; Watson and Knudsen found that it was impossible to produce a further 
improvement by covering the pinna with a steel shield. This fact was 
easily confirmed. But because it seemed possible that the pressure on the 
steel plates was transmitted to the meatus by the cartilaginous tissue, 
two open tubes 25 cm long and 7.5 em wide, filled with cotton, were used. 
When these two tubes were pressed against the sides of the head as shown 
in Fig. 6-48, an attenuation of 62 db was obtained in a 200-cps free field. 

The Inverse experiment was performed by having a listener, with 
earplugs in his ears, bite on a rod on the end of which there was a disk. 
Even when the surface of the disk was twice as great as the surface of the 
head (500 sq em), biting on the rod did not make the sound louder. _ With 

* See J. Acoust. Soc. Amer., 1936, 8, 143. 
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a surface area of 5000 sq em, however, the listener did hear a difference, at 
200 cps, when he effectively enlarged his head by biting on the rod. 

We may deduce from Fig. 6-47 that the pattern of the vibration of the 
skull is the same for the sound field as for the bone-conduction receiver for 
low frequencies. With a bone-conduction receiver, therefore, an attempt 
was made to cancel the low-frequeney bone vibration set up by the sound 
field. 

For this purpose a sound was caused to impinge normally upon the 
forehead, and at the same time the amplitude and phase of the vibrations 
of a bone-conduction receiver on the forehead were adjusted in such a way 
that a pickup showed no movements of the forehead. With an earplug 
providing 40 db of attenuation it was not possible to obtain any change in 
the loudness by switehing the bone-conduetion receiver on and off. Only 
by inereasing the amplitude of the bone-conduction receiver by 25 db 
could a loudness minimum be obtained. 


—— 


led with cotton and placed firmly 
by earplugs. The sketch on the 
ay be enlarged without changing 


Fic, 6-48. The sketch on the left shows two tubes fil 
over the ears to improve the attenuation produced 
right shows how the surface exposed to the sound m. 
the isolation of the ears. 


From all these experiments we must conclude that the maximal 
attenuation that earplugs can provide is determined by the attenuation 
in the external meatus. Watson and Knudsen found that the attenua- 
tion provided by the same earplug ina metal block was about 60 db and 
concluded that the softness of the skin limits the attenuation of an ear- 
plug. In faet, it is well known from the otosclerosis operation how easy 
it is to lift the skin and the eardrum from the wall of the meatus. . 

The movements of an earplug can be transmitted to the vasa E 
two ways: (1) by a movement of the skin in the meatus and (2) by omi 
pressure in the meatus. To investigate the first possibility : m 
vibrating ring was put into the meatus so as barely area T s in. 
By adjusting the position of the ring it was possible to make the $ ie veni 
sound very weak. When the meatus of the opposite ear was c T $ s 
tone appeared to shift to the other side. This indicated and D * tone 
was heard by bone conduction. Therefore the movement of the skin in 


the canal can be neglected. 

In the second case, the movements of the earplug E : zen 
Pressure in the meatus which is inversely proportional to t hi mes 
the meatal cavity. Therefore, if the cavity is made larger, the attenua- 
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tion provided by the earplug must be increased. Figure 6-49 shows the 
setup. Through the perforated earplugs, tubes of plastic 40 cm long, 
3 mm in diameter, 0.3 mm in wall thickness, and 2.8 cu em in volume 
were introduced into the two ears. The distal ends of the tubes were 
closed. When the two tubes were clamped near the ear canal, the 


N V=2.8cm® 
N 


Fic. 6-49, The earplugs were provided with plastie tubes. When the two clamps 
were opened the volume in the meatus was enlarged, and the attenuation provided 
by the earplugs was increased. 


attenuation of the earplugs was 40 db for 200 eps. When the clamps 
were opened the attenuation was increased by about 6 db. By putting a 
thread in the tubes it was shown that resonance phenomena did not play 
any role. 

In the frequency range from 20 to 3000 eps, many earplugs produced 
almost constant attenuation, with changes of only a few decibels. It 
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Fra. 6-50. The phase shift produced by an earplug in the meatus. 


would be easy to explain this fact if the forces acting on the earplug could 
be shown to be pure elastic forces. For this purpose measurements were 
made of the phase of the vibrations of the earplug. The driving force 
was a thermal noise of a half-octave band width. (It is possible to obtain 
a half-octave band width by using two commercial octave filters staggere 

by half an octave.) With the aid of a resistance-capacitance phase 
shifter, the receivers on the two ears were adjusted to provide the same 
loudness, and they were set in such a phase relation that the image of the 
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noise appeared in the middle of the head. Then one ear was closed with 
the earplug, the loudness balance was readjusted, and the phase shift 
necessary to place the image of the sound again in the middle of the head 
was measured. Because the earplug changed the volume into which the 
earphone operated, the volume under the earphone without the earplug 
was reduced by putting some plasticine in the space between the earphone 
and the eardrum. The phase shift introduced by the earplug is shown 
in Fig. 6-50. 


STRUCTURE OF THE MIDDLE EAR AND 
HEARING OF THE VOICE BY BONE CONDUCTION* 


A number of years ago during a visit to a ship, the writer was much 
impressed by the fact that the fog signal, which was heard for many 
miles at sea, was practically inaudible in the cabin of the ship. To 
produce this effect a large number of similar sound generators had been 
mounted in a vertical line so that the sound was radiated in the horizontal 
plane through only a few degrees (Hecht and Fischer). The radiation to 
the cabin therefore was minimal. In addition, two sound generators had 
been combined into a single unit in such a way that the vibrations of their 
diaphragms were always exactly opposite in phase. The center of gravity 
did not move, and no vibrations were transmitted to the body of the ship. 
Exactly the same problems arose during the war in the construction of 
air-raid signaling systems. , i 

It is well known that the construction of the middle ear is very com- 
plicated, as shown in Fig. 2-1. It is difficult to understand why the 
transmission of the vibrations from the air to the fluid of the cochlea 
requires three ossicles of peculiar form. It would ‚seem that many 
Purposes must be served besides the transmission of vibrations from the 
air to the cochlea. i he 

It is well known from fossil impressions in stone that in prehistoric 
times the higher types of living creatures consisted only of iara = 
insects. In the subsequent evolution of reptiles, frogs, mamma ls, en 
birds, it is possible to follow the development of the ossicles from the gi | 
of the fishes (Broom). It is assumed that this development was ps 
by the principle of fitness. It was important for an animal that his Ee 
be heard as far as possible and at the same time that his ear be sensi et 
to sounds coming from the outside. The following section reviews the 
physical characteristics of the middle ear through which auditory E 
tivity was increased for sounds coming from the outside nar sare s 
Sounds produced by the organism itself. In this relation, aH d z 1 
has already pointed out that the malleus is provided with a iun in 
order to minimize the rotations of the ossicles during hearing by bone 


conduction. M 
Sensitivity of the Ear of Lower Animals to Their veis Ed dr 
It is to be expected that for lower animals the manner of reduc 


* Article 53 as listed in the Author's Bibliography. Published in 1949. 
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ear's sensitivity to the animal's own vocalizations will take a simple form. 
For instance, frogs produce intense sounds with a frequency range com- 
parable to that of mammals. In Fig. 6-51 the frog investigated (Rana 
pipiens) is shown with his large eardrum to the right of the photograph. 
The elastic properties of the membrane are similar to the properties of 
the eardrum of a calf. When the frog croaks, he opens his mouth and 
vibrates the end of his tongue. These vibrations subject the eardrum, 
lying at the surface of the skull, to intense sound pressures. But these 
sound pressures are compensated for from the other side of the membrane 


Fig. 6-51. 


Head of a frog, showing the eardrum, 


m Xi N. stachic« , ` j 
because the Eustac hian tube of the frog is very wide. As shown in 
Fig. 6-52, it is possible to see about half of the eardrum through the 
Eustachian tube when the mouth of the 
because the sound pressure 


frog is open. Consequently, 
1 ind p acts on both sides of the drum simultaneously, 
the net vibration is minimized. Figures 6-51 and 6 show that the 
distance of the eardrum from the corner of the mouth is de small that the 
compensation can be correct in phase and amplitude even for relatively 
high frequencies. Itisa peculiar fact that by opening his mouth the frog 
enlarges his Eustachian tube in the ratio of about 1:2. The structures 
surrounding the opening in the frog and in man are. similar, and the 
Eustachian tube of a man, which is usually closed, js pets 
wide opening of the mouth (for instance, wl 


also opened by 4 
when a person yawns). 
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There is another method of reducing the hearing of one's own voice by 
air conduction. This method, used by the rooster, consists of closing 
the external meatus. This animal was investigated because by crowing 
it also is able to produce large sound pressures. When the feathers are 
cut away the opening of the meatus can be seen (Fig. 6-53a). This 
opening in the skin is surrounded by a cartilaginous ring which can easily 
be pulled in such a way that the opening of the meatus is narrowed or 
closed, as shown in Fig. 6-53b. A closing of the meatus results from a 
movement of the cartilaginous ring similar to that produced in raising 


dg a tne 


Fra. 6-52. A Hem from ihe mouth cavity of a frog, showing à part x n ueri 
through the opening of the Eustachian tube. The ossicle is seen fixed to the m 3 


of the drum. 


the head when the rooster crows. This simple arrangement reduces the 


sensitivity of the ear during vocalization. — 
The adjustments that minimize the sensiti 
poring phonation are more complicated than 
rog and rooster. ; f a 
Air ion for the Hearing of One's Own Voice. o 
rt scmedhing c f sound during vocalization, the 


find out something al he radiation o 
; Some g about the ra 1 
Sound pressure was measured near the mouth and the head. A condenser 


microphone with a small metal tube in front of the diaphragm A cei 
The intensity of the vocalization was maintained at a constant value m 4 
à second microphone, and at the same time er were n d isl 
the changes in sound pressure at different places near the mou 


vity of the mammalian ear 
the ones employed by the 
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around the head. Figure 6-54 shows how the average intensity of speech 
varies along the front-to-back axis of the mouth. It was necessary to 
choose as a reference point a position 1 em in front of the lips in repose, 
in order that movements of the lips during speech would not interfere with 


ECT p cB 
Fra. 6-53. The opening of the meatus of a rooster (a) in its normal position and (b) 
when closed by pulling on the skin in a way similar to that produced when the rooster. 


Crows. 
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Fia, 6-54. Average sound pressure, at different, points inside and outside the mouth, 
produced by vocalization. 


the microphone tube. The average intensity increase from the lips to 
the inside of the mouth was found to be about 15 db. Outside the mouth 
the intensity falls off rapidly; the drop from the lips to the opening of the 
ear canal is about 20 to 25 db, when all types of vocalizations are averaged. 
This attenuation changes somewhat with frequency, and in Fig. 6-55 
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the attenuation for different frequencies is shown. In these measure- 
ments a series of narrow bandpass filters were used. 

Curves of equal sound pressure in the horizontal plane near the mouth 
are shown in Fig. 6-56 for one speaker. The curves on the left side 
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Fig. 6-55. Average transmission loss between the brim of the lips and the opening of 
the meatus, for twelve different vowels. The measurements were made for octave 
bands, and the points represent the mid-frequencies of the bands. 
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Fic. 6-56. Contours of equal sound pressure around the mouth for the vowels 00, d, 
and 2, measured on one subject. 


represent the sound pressure for the lower formant of the vowel 00 (pool) 
With a frequency of about 400 cps. The point midway between the outer 
edges of the open lips was taken as the reference point for sound pressure. 

he middle figure shows the curves of equal sound pressure for the lower 
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formant of the vowel ä (fäther), and the curves to the right represent the 
high formant for the vowel 2 (team) with a frequency of about 2400 cps. 

The vibrations from the vocal cords are distributed over the whole 
body. It is possible to estimate the damping of these waves by using à 
stethoscope and measuring the curves of equal amplitude at an angle 
normal to the surface of the body. In Fig. 6-57 the curves of equal 
amplitude are shown for vibration of the vocal cords at a frequency of 
100 eps. 


Fra. 6-57. The decline in amplitude of vibrations produced by the vocal cords as they 
travel over the surface of the body. The numbers show relative amplitudes for 100 
cps. 


During vocalization the intensity of the air-borne sounds relative to 
that of bone-conducted sounds can be investigated by excluding the air- 
borne sounds. Closing the meatus with the finger tip is not adequate, 
because, as is well known, the intensity of the bone-conducted sound may 
thereby be raised as much as 10 db, But it is possible to place over each 
ear a tube (of 7-em diameter) filled with cotton and mounted on tightly 
fitted sponge-rubber cushions, so that an airtight fit to the skull is 
obtained. By testing with a bone-conduction receiver on the forehead it 
can be shown that the addition of the two tubes has not changed the 
loudness of the bone-conducted sound for any frequencies, In putting 
the tubes on the ears it is important that the tubes be placed as high a8 
possible so that the lower edge of the pinna is in contact with the tube, 
because when the tube is too low, parts of the vibrating neck muscles are 
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enclosed in the tube cavity and can produce air-borne sounds to actuate 
the eardrum. The sound isolation for air-borne sound with the cotton- 
filled tubes in place was about 30 db in the frequency range from 150 to 
4000 eps. 

When the tubes were placed on the ears, the speaker heard his own 
vocalizations at a lowered intensity. This decrease in loudness could be 
measured by a comparison with a bone-conducted tone of 1000 cps applied 
to the middle of the forehead. In Fig. 6-58 this decrease in loudness for 
whispering and for normal speech is shown for four different subjects. 
The attenuation due to the elimination of air conduction is about 6 db. 
Therefore the hearing of one’s own voice by bone conduction is of the 
same order of magnitude as it is by air conduction. When we whisper, 
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Fic. 6-58. The dec i ne's own voice caused by the exclusion of 
3-58. The decrease in loudness of o! I speech. The four curves in each 


air-borne sound, for whispering and for norma 
graph represent different subjects. 


the vocal cords do not vibrate and the sound 
" the air in the mouth. In the absence of 
he sounds heard by bone conduction are t i 
the reduction in loudness due to the tubes put over the ears is greater, vd 
shown, The difference in intensity between a whisper and normal po 
is only about 5 db. This means that the sound pressures in the Fg 
cavity produce about the same amount of loudness as the VEU oft à 
vocal cords, In general, the decrease of loudness 1s greatest fort rye 
produced with a large opening of the mouth (as d in n i ‘a ie 
vowel 60 (póol) the opening of the mouth is small, and accor TE ees 
sharpness of resonance is great and there 18 à large Ru s a ; 
"etween the inside of the mouth and the mouth opening. T A " a q y 
high sound pressure in the mouth increases the vibrations 0 ze 
jaw, and therefore the sound 60 is heard as rather loud by bone po aia 
Vibrations of the Skull during Vocalization. The gone s eroe 
Vibrates in the direction of the longitudinal axis of his body. Con- 


is produced by the vibrations 
vibrations of the vocal cords, 
decreased, and consequently 
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sequently, the frog's vocalization sets his whole body into longitudinal 
vibration. Considerable progress in decreasing the vibrations of the body 
is made when, as in mammals, there are two vocal cords rather than one, 
and these two vibrate symmetrically in a lateral direction. Then the 
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Fic. 6-59. Measurement of the three orthogonal 
skull during phonation of the vowel 4 as in pool 


components of the of the 


center of gravity of the vocal organ does not move, and the cartilages 
holding the vocal cords transmit only a minimum of vibration to the body 
This construction is like that described earlier for the ship ignaling 
system, in which two sound generators were combined in suc h (way that 
their diaphragms moved in opposite phase 
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With an air stream passing through the vocal cords vertical to the 
direction of vibration of the vocal cords, it is not possible to eliminate all 
vibration in the direction of the air stream. Because of the elasticity of 
the vocal cords, there remains some vibration of the supporting cartilage 
in the direction of the air stream. High-speed motion pictures of the 
voeal cords show clearly that the greater part of the vocal cords vibrates 
horizontally, but that the edges vibrate vertically. Since this latter 
movement is not a symmetrical one, it will transmit a movement to the 
head with its maximum amplitude in this same direction, that is, in the 
direction of the air flow. 

Previous investigations have demonstrated that, for bone-conducted 
sounds at frequencies below 1500 eps (see pages 130 and 167), the skull 
vibrates like a rigid body. Therefore it is possible to measure the 
amplitudes of vibration in the different directions simply by placing a 
vibration pickup on the head, normal to the surface. In Fig. 6-59 the 
vibrations of the head are shown during phonation of the vowel 00 (pool). 
The upper curve a shows practically no vibration of the forehead, and the 
lower curve e shows practically no vibration of the temporal bones. 
The vibration pickup used was the type whose output is proportional to 
acceleration, and it registers only vibrations normal to the bone surface. 
The large vertical component of the vibrations of the skull is caused not 
only by the vertical vibrations of the edges of the vocal cords, but also by 
the sound pressure in the mouth. This sound pressure does not produce 
a lateral vibration of the skull, because of the lateral symmetry of the 
head, but it does produce vertical vibrations of both the lower jaw and 
the skull. 

It is possible that, besides the translational movements of the skull, 
there can be a rotation of the skull as a whole. To investigate this 
ade of the rotation of the skull produced 
by a bone-conduction receiver. If the axis of vibration of a bone-con- 
duction receiver does not go through the center of gravity of the head, a 
rotation of the head must appear in addition to the parallel movement, 
because the forces acting on the head then have à tangential componens. 

To make a comparison between the two types of vibration, a bone- 
conduction receiver with a cube-shaped vibrating body and a oo 
area of 1 sq em was used to drive the skull first ina normal nn. e 
then in a tangential direction, as shown in Fig. 6-60. The pra va d 
surface in contact with the skin and the steady pressure against the hea 
Were the same in both cases. An auxiliary pressure m the normal direc- 
tion was used when the movement was tangential. The difference sh the 
threshold of hearing in the two cases was measured. Table 6-4 8 T 
that, for a tone of 100 eps, the vibration transmitted is about 35 
greater in the direction normal to the head than in the sene PEU 
tion. For the higher frequencies this difference is reduced to 15 pt 

In making the measurements it is necessary that the stiffness of tl 1 
bone-conduction receiver be so great that in the normal and pO 
Positions the amplitudes of the vibrations are the same. This may be 

* Type 761A vibration meter, made by the General Radio Company. 


possibility, measurements were m 
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accomplished by adding a mass to the bone-conduction receiver or by 
making the spring in the receiver so stiff that the resonance frequency of 
the vibrating system is outside the frequency range of the measurements. 

In these measurements the bone-conduction receiver was applied in 
such a way as to produce rotations of the head about its vertical axis, 
but there was little change in the values when the receiver was applied in 


Auxiliary 
Direction of supporting 
1 vibration pressure 
Direction of 
~~ vibration 
Skin 
ML Bone 
lo) (d) 


FiG. 6-60. Position of the vibrator (a) for producing vibrations normal to the surface 
and (b) for producing rotation of the skull. 


a way that produced rotations about the horizontal axis. These measure- 
ments showed that the rotation of the head could be ignored whenever 
the direction of vibration of the bone-conduction receiver passed nearly 
through the middle of the head. : 

_ To investigate the rotation of the head during vocalization, two vibra- 
tion pickups were placed on the temporal bone as in Fig. 6-61, and each 
pickup was connected to a pair of plates of a cathode-ray oscillograph. 


| ) f ; 
1 


ees Technique for measuring the rotation of the skull with two vibration 


The direction of maximum sensitivity of the vibration pickups was 
parallel to the surface of the head. It was found that En the position 
of the head was symmetrical to the body, the phonation of z produced 
the same amplitude in the pickups on the two sides, The tilting of the 
head to one side reduced the vibratory amplitude on the side to whic 

the head was tilted and increased it on the opposite side. The difference 
between the two sides was only about 10 to 20 per cent of the total verti 
movement of the head. When the head was inclined about the 

going through the two ears, there was practically the same amount 
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difference between the two sides. Because every vibration pickup 
is to some degree sensitive to air-borne sounds, the vibration pickups 
on the head were surrounded with a thick layer of cotton during the 
measurements. 


TABLE 6-4 
Frequency, eps Threshold difference, db 
100 35 
200 32 
400 20 
800 17 
1500 15 
2000 15 


For maximally useful hearing it is important to reduce not only the 
sounds of vocalization but also noises produced by chewing, swallowing, 
and the like. Even walking produces vibrations of the body that can be 
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Fia. 6-62. Acceleration amplitudes of the head in the vertical 
walking. The time marks represent thousandths of a second. 

asticity of the cervical 
In Fig. 6-62 the 
are shown for 
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direetion during normal 


heard if the auditory meatus is elosed, though the el 
vertebrae reduces these vibrations to some degree." 
acceleration amplitudes of the head in the vertical direction 
normal walking in a leather shoe. } t 
. Smallest Energy of Impact Audible by Bone Conduction. It is 
Interesting to determine for every sense organ the smallest perceptible 
energy. For hearing by bone conduction the smooth. surface of the tooth 
Seems especially convenient for measuring this minimum mechanical 
energy, For this purpose a small pendulum was allowed to fall from a 
known height and to strike the surface of the teeth. This setup is shown 
in Fig. 6-63. With the mouth half open, the frame that holds the pendu- 
lum was brought within about 5 mm of the teeth. On the metal frame 
Was a cross made from two wires having a thickness of 0.2mm. The cross 


* See the Author's Bibliography, Art. 33. 
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was held in a horizontal position by a forceps, and it tapped the teeth 
when the foreeps was opened. From the weight G of the wire lying 
vertical to the axis of rotation and the displacement h of the center of 
gravity, the energy Gh can be calculated. In one case a wire with a 
weight of 1 mg was used to strike the upper teeth, and it was necessary 


for the center of gravity to fall 2.5 mm to produce a sensation of hearing. 
The measurements were made in an anechoie room and were repeatable. 
For the upper teeth the threshold energy was 0.2 to 0.5 erg for four 


subjects with normal hearing. In most cases the threshold for the lower 
teeth was the same. In one case it was 4.8 ergs. 

The mass of the head, moved by this kinetie energy of 0.2 erg, is about 
3.5 kg. 

Role of the Eardrum in Sound Transmission. In the process of evolu- 
tion it appears that mammals resulted from the adaptation of fish to a 


Fic. 6-63. Method of measuring the smallest energy of impact on the teeth that can 
be heard. 


life on land. The most sensitive parts of the body—the nerves and the 
organs of perception—have not followed this adaptation completely, 80 
that even in modern mammals these organs are embedded in a fluid of 
approximately the same composition that sea water had in earlier times. 
It is believed that the cochlea was developed from the lateral lines of the 
fish, and nowadays the cochlea still contains a liquid like sea water. This 
adaption to life on land created the problem in the ear of transmitting ait 
vibrations to the fluid of the cochlea. From the purely physical point 
of view, a stretched membrane with a piston fixed in the middle of the 
membrane would seem to be the best solution. 

Frank and later Esser made extensive calculations of the properties of 
the eardrum that give the best Sensitivity and the widest band of trans- 
mitted frequencies. These calculations show that a light rod embedded 
in the membrane improves the coupling between the membrane and the 
piston without adding too much to the mass of the system. 

The eardrums of various mammals are very different. Some eardrums 
resemble a stretched membrane, and others behave like stiffened pistons. 
Because these differences in structure are large it seems that the precise 
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Arrangement of the eardrum is not critically important in the Msi 
9f sound waves. Otherwise, similar structures would hase canit es in 
lo meésuro tho degree of improvement effected by various c! » 4 E 
the eardrum, an artificial eardrum was constructed. It Sie uch 
rubber membrane 5 em in diameter and fixed in the en 
Metal sheet. The middle of the membrane was attached to a piekup tha 
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had a high acoustic impedance so that only the pressure was measured. 
The sound pressure on the membrane was kept constant for the whole 
frequency range, and the pressure on the piston of the pickup was auto- 
matically registered. Because the pickup was of the moving-coil type, 
its sensitivity increased with frequency. Curve a of Fig. 6-64 shows the 
frequency response of the system when the rubber membrane was 
stretched to a natural frequency of 70 eps and the pickup was fastened at 
the middle of the membrane. The second curve, b, shows the same 
system with a rod running from the edge of the membrane into the center 
where the pickup is attached. The rod consisted of a light aluminum 
tube. It can be seen that some resonance peaks in the membrane have 


Cut-out port of the 
eardrum 


Fig, 6-65. Method of studying the tensions in the sheep’s eardrum. 


been eliminated, but the sensitivity and the range of transmitted fre- 

quencies are not improved very much. However, it is a great improve- 

ment if an aluminum wire screen with a diameter of 3.5 em is fixed in the 

middle of the membrane. As shown in curve c of this figure, this stiffen- 

ing of the membrane improves the sensitivity and the frequency range a8 
ell. 

The eardrums of the calf and sheep are stretched membranes. The 
membrane of the calf, which is about 0.1 mm thick, consists of a kind of 
gelatinous film with a very great viscosity. This viscosity gives to the 
py seins a ei stiffness for rapid vibrations. 

o estimate the tension in the eardrum, a U-sha similar to 
that shown in Fig. 6-65) was made in it with a nd pene 
The rectangle that was cut out was laid back and spread flat on the sur- 
face of the eardrum. From the barrel-shaped enlargement of the opening 
(as seen in the figure) it is possible to estimate the tension in the eardrum. 


BONE CONDUCTION 195 


The flap that was cut out shows the converse distortion. The shrinkage 
of the flap due to its viscosity is very slow, and it was possible to follow 
the shrinkage for more than 10 sec. 

The magnitude of the shrinkage is independent of the place and direc- 
tion of the incision. It is interesting that the edges of the cut in the 
eardrum became rounded, as if capillary forces were acting. The 
rounding of the edges took a long 
time because of the high viscosity 
of the material of the membrane. 

The eardrum of the chicken is 
much smaller that that of the calf, | Pressure 
and it also is stretched. If a strip 
is cut from the drum, this strip 
rolls by itself into a small tube, so 
that it must be assumed that the 
elastic forces on the two sides of the 
membrane are not the same. 

The eardrum of man has a thick- 
ness of about 0.05 mm (in the liter- 1 EN 
ature the value of 0.1 is often oe qul me ae 
quoted) and is not a stretched A calibrated hair was used to produce a 
membrane. Instead it resembles known bending force on a tonguelike piece 
a stiffened cone, so that the whole cut from the eardrum. 


pressure on the eardrum is trans- a gr 
mitted to the ossicles. For measurement of the natural elasticity o 
this membrane a rectangle similar to that shown in Fig. 6-66 was cut 
out. The left side of the rectangle was left connected to the main 


part of the eardrum. The length of a hair was adjusted on a cages a 
that by pressing it down a maximum pressure of 0.2 mg was exerted. 


When this pressure was applied to the free end of the flap a cx ce a 
of f = 5 x 10-* em resulted. From the length of the strip id eratis 
the width b = 5 X 10- em, and the thickness h = 5 X 10 ^ om, it ns 
possible to calculate the elasticity coefficient aby mena * Es di : 
known formula (Marks), E — 4P/fb X (L/h)*. The value er ain ad 
this elasticity was E = 2.0 X 10* dynes per sq cm, oe n dm 
four hundred times smaller than the elasticity coefficient. of pine mr . 
In order to measure the elasticity coefficient of the — diue 
of the calf a part of the eardrum was cut and rolled into a = the n india, 
r. By having one end of this rod attached to the sec oaa E s ies DA 
it was possible to measure the bending of this rod for Mei je lated 
applied to the free end. The elasticity coefficient can be calculate 
from the formula E = 4P/3rrf X (Ur) and the value obtained was 


2 X 10* dynes per sq em. 4 M 
If the blood epit to the eardrum is stopped, the — a2 ee 
because of its thinness. ‘This can easily be shown by the change in = 
elasticity coefficient. Therefore it is important in its aed E 
the middle ear as quickly as possible and to keep it in a chamber wi 


controlled humidity until all measurements are completed. 
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The human eardrum consists of three layers, and the elasticit y shows 
no changes with direction. The eardrum of a guinea pig is easily split 
in a radial direction, but its elasticity coefficient is about the same as in 


Center oh gravity ond Wj 
int of rotation 
= zn Center of grovity 


Fold of 


(e) (4) 
Fra. 6-67. The human eardrum is rigid for the lower frequencies and rotates on an 
axis at its upper rim. A fold on the lower rim permits movement of the rigid cone. 
In (a) the normal condition is shown, with the center of gravity and point of rotation 
the same; then no bending force acts to deform the conical shape of the eardrum. 
In (b) the head of the malleus is missing, and the center of gravity is below the point 
of rotation; then the conical shape of the membrane is deformed. 


man and also shows no change with direction. The thickness of the 
eardrum of the guinea pig is 0.01 mm. 

Because the human eardrum is stiffened so that it is like a piston, the 

question arises how the mobility of the eardrum at the rim is provided. 

It was shown in earlier investiga- 

tions (see page 101 and Fig. 6-67a) 

Flot annular port of that in man the whole eardrum 

the eardrum rotates about an axis above and 

tangent to its upper rim. Near 

the axis the movements are small 

and do not require a special elastic 

structure. On the edge of the 

Stitt part of drum opposite to the axis, in most 

the eardrum specimens, a pronounced fold can 

be found that permits free move- 

ment of the cone. : 

A similar fold was not found p 

Fra. 6-68. The eardrum of the chicken is So CN pig = Bpehieken) pe 
conical and rigid in the center. When ‚98 is shown in Fig. 6-68, 

it moves, its rim spreads out in a flat Stiffened conical part of the ear- 

ring. drum is pressed toward the base 


^ t of the cone, the edge of the drum 
forms a flat ring. The diameter of the cone is reduced at the same 


time. This special kind of elastic deformation of a stiffened cone can be 
reproduced on a cone made from a rubber sheet. From this description, 
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together with the measurements on the artificial eardrum, it appears that 
the shape of the eardrum in mammals is nearly optimal for the trans- 
mission of sound pressure to a system of high impedance. 

Role of the Ossicles in Aerial Transmission. As the fluid in the cochlea 
is much denser than air, it is necessary to have a middle-ear mechanism 
that transforms the movement of a piston with a large surface area (the 
eardrum) to the movement of a small piston (the stapes) with higher 
pressure. Figure 6-69 shows a small piston acting on the fluid of the 
inner car. The sealing of the piston is a difficult problem. If the mem- 
brane around the piston is too flexible, the pressure on the fluid in the 
cochlea will cause it to flow back around the piston. It can thus be 
understood why the membrane around the human stapes has a maximum 
width of only 0.1 mm and a minimum width of 0.015 mm (Stuhlman, 2). 
It is also obvious why the membrane in the chicken can be wider than 


Fluid of the 


; Interno! 
Interna! ear ear. 


Fro. 6-69. The stapes must be surrounded Fre. 6-70. In this simple form of middle 


Y a very narrow membrane so that when 
the stapes moves inward the fluid does 
not flow in the direction of the arrows. 


ear, subharmonics (undertones) would 
be produced by rotational vibrations of 
the ossicle around its footplate. 


that of man: the chicken has a cochlea with a length of only 5 mm, 
Whereas man has one of 35 mm, and hence the forces due to inertia are 
much smaller in the chicken than in man. Since it is necessary to have a 
rigid piston to act on the fluid in the cochlea, and since it was found that 
for the eardrum a conical membrane gives a maximum sensitivity, a 
simple physical construction of the middle ear would be a system such 
as that shown in Fig. 6-70. The bony part around the internal ear must 
have a reasonable thickness to protect the inner ear. This gives the 
ossicle a minimum length. The length of the ossicle is greater than the 
Width of the surface transmitting the pressure. 4 * 
This system is not optimal for the transmission of air-borne sounds. 
the eardrum is under negative pressure, so that the eardrum and ossicles 
are pulled outward, the system has only one degree of freedom. M a 
Positive pressure, however, the ossicle is in unstable equilibrium an can 
tilt in various directions so that it has three degrees of freedom. This 


d ing in from left to right 

causes undertones (page 477). The eardrum moving 1n Irom tert 

tilts the ossicle ae from the middle position (as shown in Fig. 6-70). 
hen the movement of the eardrum is outward (to the left), the ossicle 
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comes back to the middle line. The next inward movement of the ear- 
drum causes the ossicle to move downward because its kinetic energy 
carries it through the middle position. Therefore it is evident that during 
a full period of movement of the eardrum the ossicle makes an excursion 
to one side only. It moves with half the frequency of the eardrum. 

To suppress these lateral movements of the ossicle, it is necessary to 
have an attachment to the bony wall as near as possible to the free end of 
the ossicle. This attachment ensures the movement of the ossicle ina 
single path. The ear of the chicken is constructed on this principle 


Porous bone 


Joint 
Attachment. Bony rod 

Attachment 
Stopediol Columello 
footplate 

Middle ear 

Inner eor 


edo The middle ear of the chicken. The cone of the eardrum is pointed out- 
ward, not toward the inner ear as in most mammals. The long ossicle (columella) 
ony rod lying on the eardrum corresponds 


(see Fig. 6-71). To suppress the lateral movement it is advantageous to 
have a long ossicle. The best type of attachment would be by means of 
r igid rods lying in the eardrum at right angles to each other. This is 
precisely the construction that we find in the ear of the chicken. 
Suppression of the lateral movements is necessary because the rigid 
rods havea low natural frequency, and, in general, there is slight damping: 
Every transient therefore would produce a dull thump. From the 
physical point of view it would be a better solution not to attach the 
ossicles in the middle of the eardrum but to suppress the lateral move- 
ments by having a small rod lying radially in the eardrum and then to 
attach the piston to this rod. This type of middle ear with two bones 
(the stapes and incus appear, in this case, to move as one bone) can be 
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found in the frog (Rana pipiens), as shown in Fig. 6-72. If we grasp 
with forceps one of the bones in the middle ear of the frog we can easily 
feel that there is only one degree of freedom in its movements. 

Position of the Ear in the Bones of the Skull. In accordance with the 
principle that bone conduction should be minimal, the following para- 
graphs will describe the properties of the middle ear that bear upon this 
requirement. In looking for the best position for the middle ear in the 
skull we suppose that it would be best to have it as deep in the skull as 
possible to give it maximum protection. 
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X cavity. 
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Fro. 6-72. The middle ear of the frog 
(Rana pipiens) has a piston fixed near 
the rim of the eardrum. 


Fig. 6-73. Methods of minimizing bone 
conduetion by locating the middle ear 
near a stressless zone of the skull wall. 


In (a) the location is in the indifferent 
zone of a thick wall. In (b), where the 
wall is thin, the stress is minimized by 
means of a bulla. 


It is well known that hearing by bone conduction can originate in the 
middle ear in two different ways: (1) when the head is moved the EUN 
of the ossicles produces a movement of the ossicles relative to the cochlea, 
and (2) a motion, transmitted to the skull, deforms it in such a way that a 
relative movement is produced between the ossicles and the cochlea. 

If we bend a rod in the manner shown in Fig. 6-73a, the lower half of e 
rod is compressed and the upper half is extended. In the middle of the 
rod is a line which is neither extended nor compressed; its length does not 
change during the deformation, and only shear stresses are set up. 

is situation is characteristic not only of rods but of other shapes as 
Well In Fig. 6-74 is represented a ring under pressure from zd two 
Opposite sides. The resulting tensions and compressions at x och 
Points on the ring are represented by the size of the arrows. Near the 
middle of the ring there are no tensions (Frocht). 
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In order to minimize hearing by bone conduction it would seem 
reasonable to decrease the magnitude of the deformation by placing the 
middle ear in a zone not subjeet to tension, as indicated by the cross- 
hatched area in Fig. 6-73a. 

In animals whose skulls have thick bony walls, such as the ox or man, 
we find this type of placement of the middle ear. When, on the other 
hand, the size of the middle ear is greater than the thickness of the bony 
wall of the skull, this placement is no longer possible. The thickness of 
the bony wall of a full-grown cat, for example, is about 0.5 mm in the 
places without blood vessels. In this case tensions on the middle ear can 


<Z 


OOH" 
SS 
0 
Fro. 6:74. F. Tension Compression 
IG. : Forces of tension and compression in a ring s ite sides 
queezed from opposite side 
(large arrows). The small arrows show the direction and magnitudes of the internal 


stresses. 


be minimized by surrounding it with a capsule. This capsule, which is 
called a bulla, is shown in Fig. 6-73b and is found in most small mammals 
such as dogs, cats, mice, etc. At the same time the bulla serves as an air 
space behind the eardrum and guarantees the mobility of the eardrum. 
In an arrangement of the type shown in Fig. 6-73a the necessary air volume 
behind the eardrum is maintained by the porousness of the bony wall 
surrounding the middle ear. The cochlea itself is protected against 
deformation by being coiled into a spiral. In mammals having a thick 
skull wall the cochlea is embedded in petrous bone, In mammals with à 
thin bony wall, the cochlea projects into the free air space of the bulla 80 
that no deformations are caused by stresses in the bony part 

Does the Construction of the Ossicles Minimize Hearing py Bone 
Conduction? The foregoing discussions have shown that a rod in the 
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eardrum with the point of rotation on the rim of the eardrum helps to 
Suppress undertones. As the ear should presumably be sensitive to a 
wide range of frequencies, we expect the mass of this rod to be as small 
as possible, But in Fig. 6-67a we can see that in the human ear the rod 
lying in the eardrum is loaded on one end with a large mass, called the 
head of the malleus. At first glance this mass seems to be superfluous. 
Bárány has pointed out, however, that the malleus and incus are con- 
structed in such a way that the center of gravity and the point of rotation 
are the same. With the center of rotation near the edge of the eardrum, a 
head on the malleus is required to bring the center of gravity out to this 
point. This position of the center of gravity is also important for the 
transmission of air-borne sounds. When the eardrum is vibrating, forces 
of inertia acting on the handle tend to turn the handle around the center 
of gravity as shown in Fig. 6-675. If the center of gravity does not lie at 
the edge of the eardrum, stress will be produced on the eardrum that 
tends to bend it out of its conieal shape, so that the pistonlike movement 
of the stiffened membrane is no longer ensured. $ 
Furthermore, if the skull vibrates in a direction parallel to the axis of 
the meatus, then the mass of the head of the malleus acts to rotate the 
malleus in a sense opposite to that of the mass of the manubrium. There- 
fore, the movements caused by inertial forces of the manubrium are 
compensated for by the head of the malleus, as Bárány has pointed out. 
Figure 6-74 indicates that in a ring under stress the tensions and 
compressions are parallel to the surface. Consequently, when a stress is 
applied to the skull we do not expect large deformations in the direction 
of the meatus (perpendicular to the bony wall). Yet local deformations 
in the direction of the meatus might well be produced by a bone-conduc- 
tion receiver placed near the meatal opening. During phonation the 
middle ear seems to be well protected against vibration and deformation 
in a direction parallel to the axis of the meatus. \ y 
Further Fee however, indicates that this type of es 
is hardly necessary. As Fig. 6-59c shows, during phonation the vibration 
of the skull is minimal in the direction parallel to the axis of the meatus 
and maximal in the vertical direction. Therefore the middle ear en 
be constructed in such a way that hearing by bone conduction caused by 
the vertical vibration is also minimized in an even more T way. 
To prove this a small rod was attached parallel to the axis of the manu- 
brium of the malleus of a fresh human specimen, An attempt to moro 
the malleus in the three rectangular directions of a ruge sys va 
Showed that a displacement of the manubrium of the ES = 
direction of its long axis does not cause a displacement pE i u n + 
cochlea. Furthermore, as Fig. 6-75) shows, à vertical er a 2 
the joint between the incus and stapes does not displace the fluic 54 vw 
cochlea, because the footplate of the stapes merely eh rig an 
long axis and the movement of the fluid consists only of a = aceme t 
morem d gnis cof this qure 
Movement o s s for air-borne soun ) : ‚his . 
n order to eee ger displacement of the fluid during the start of 
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rotation of the stapes shown in b it seems important to have the footplate 
of the stapes as narrow as possible. 

Because the large amplitude of vibration of the head during phonation 
is in the vertical direction, we should expect that the long axis of the foot- 
plate of the stapes would be at right angles to the vertical axis of the neck. 
This is the position we actually find in man and in the other mammals 


-y 


Fre. 6-75. The movements of the stapes. In (a) is shown the normal motion of the 
stapes to air-borne sound. When, as in (b), the movement communicated by the incus 
is vertical, the stapes rotates about its long axis and does not produce a displacement 
of fluid in the cochlea. 


(a) (4) 


observed. On the other hand, it was found that in the frog and in the 
chicken the ossicles are not balanced and the malleus does not have & 
compensating head: the footplate is round and not elliptical. 

If the ossicles of the human ear are moved in a horizontal plane at 
right angles to the axis of the ear canal, it can be seen that this movement 
also does not produce a displacement of the fluid in the cochlea, because 

the joint between the stapes and incus 


Santee is extremely flexible. Figure 6-76 
: shows that this joint in the calf is essen- 

[2 5 2 
an tially flat. This can be seen especially 
) well when the ossicles are dried so that 
the membranes have shrunk. The 


joint is definitely easier to slide in the 
direction of the axis of the footplate of 
the stapes than in the other directions. 

By compression of the middle ear the 
asa are displaced relative to a 
Fra. 6-76. Th nee wall. To minimize, in this case, the 
Me iat ne, displacement of the fluid in the cochlea 
in the ear of the calf, it is important that the stiffness of the | 

membrane around the footplate of the 
stapes be greater than that of any of the other elastic parts of the mid! 
ear. Thus the displacement of the ossieles oceurs before the vibrations 
reach the cochlea. 

From the discussions of these two principles, namely, that the trans- 
mission of air-borne sound should be optimal and that at the same time 
hearing by bone conduction should be minimal, it has been possible to 
outline many physical conditions that have to be fulfilled in the middle 


Stopes 
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ears of the most highly developed mammals. The agreement between these 
requirements and the actual construction of the middle ear gives us 
greater understanding of the peculiar structures of the middle ear. Still 
many questions remain unanswered: specifically the necessity for the 
middle-ear muscles other than as a protection against intense sounds. 
In man if we put a loud high-frequency tone in one ear, the muscles in 
both ears contract. Except for a small change in the impedance of the 
eardrum (see page 72) the writer has not been able to find a physiologi- 
cally important change in the other ear. Voluntary contraction of the 
tensor-tympani muscle has about the same effect (Geficken). 

In spite of these unanswered questions, it is clear that in evolving the 
ear nature has utilized sound physical principles. In terms of these 
principles it is possible to account for many peculiarities in the structure 
and arrangement of the parts of the middle ear. 


PART 3 


THE PSYCHOLOGY OF HEARING 
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CHAPTER 7 


AUDITORY THRESHOLDS .. 


JUST-NOTICEABLE DIFFERENCES OF AMPLITUDE AND FREQUENCY* 


Nearly all of the ear's characteristies, such as the threshold of sensi- 
tivity and the threshold of feeling, exhibit extraordinary variations as a 
function of frequency, often varying more than a hundred or a thousand 
limes. For the development of auditory theory it is important to know 
Whether this frequency relation depends upon different attributes of the 
nerve fibers supplying the various regions of the basilar membrane. If 
it is the physical characteristics that are important and we can consider 
the nerve fibers along the basilar membrane as behaving in a completely 
uniform manner in response to the stimulating pressures, then we can 
entertain the hope that an exact understanding of the physical process of 
Sound transmission in the ear will lead to a solution of this problem of 
frequency relations, just as has been true in communications engineering. 

There is nothing in the evidence from anatomy to contradict the 
assumption that the nerve endings along the basilar membrane are all 


alike. A microscopic study of these nerve endings, as well as of the brain 


cells, reveals no structural differences. There cannot be many chemical 
differences either, for no variations have been found in the staining 
Qualities of the endings in the different regions of the membrane. 

‚The determination of just-noticeable differences of amplitude, or the 
difference limen, appears to be a partieularly suitable way of obtaining 
quantitative information on the nature of nerve excitation. The relative 
difference limen, which is the relation between the just-noticeable change 
of amplitude AJ and the amplitude level J, or AJ/J, is entirely inde- 
Pendent of the quality of the ear’s transmission system and hence is 
purely a neural characteristic. This is obvious because both tones that 
are being compared, with the amplitudes of J and J + AJ, have the same 
transmission factor which cancels out in the quotient. For ordinary 
loudnesses a change of amplitude of 10 per cent is perceptible, and so the 
two tones to be compared are but slightly different in intensity. There- 
Ore, even in a nonlinear system such as that of the ear, the transmission 
factor is altered to such a slight extent as not to play any role. Prelimi- 
nary tests showed that the changes of the threshold caused by the con- 
Sumption of alcohol, the injection of cocaine, and fatiguing with intense 
Sounds were always accompanied by changes in the difference limen. 

hus we can expect that when the difference limen is invariable with 


* Article 4 as listed in the Author's Bibliography. Published in 1929, 
207 
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frequency the other characteristics of nerve excitation will be inde- 
pendent of frequency also. 

It is important to establish, however, that these observations only 
indicate whether the nerve fibers behave in a uniform way, and they do 
not show whether there are interactions among the various groups of 
fibers, such as a contrast effect, which might be different for every fre- 
quency (see below, page 417). This might be so because the extent and 
form of the region of stimulation on the basilar membrane may vary for 
every frequency, and these observations do not take such a variation into 
account. The difference limen may prove to be independent of fre- 
quency, and yet for the various frequencies there may be differences in 
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Fra. 7-1. Equal-loudness curves under normal conditions (broken lines) and after 
fatiguing the ear with a tone of 800 cps at 3 dynes per sq cm for 2 min (solid lines). 


nerve excitation that are to be ascribed to contrast effects. Here would 
come into play all the influences that alter the form of distribution of 
stimulation along the basilar membrane, such as beats or the simul- 
taneous action of a number of tones. 

The two most recent measurements of difference limens, carried out by 
Knudsen (1) and Riesz (1) with modern technical facilities, have given 
directly contrary results on the frequency relations. Therefore the 
various physiological disturbances need to be taken into account at the 
outset. 

Method of Determining the Difference Limen. Among these dis- 
turbing effects an important role is taken by aural fatigue. As indicated 
elsewhere (page 357), the loudness of a constantly presented tone can be 
greatly altered by fatigue. As an indication of the degree to which the 
frequency relations may be influenced, the equal-loudness curves were 
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considered. A tone of 800 eps was presented to one ear at a given number 
of decibels above threshold, and another tone of different frequency was 
presented to the other ear and adjusted in intensity until it seemed of the 
same loudness as the 800-eps comparison tone. The broken curves of 
Fig. 7-1 show the sound pressure in dynes per square centimeter that 
various tones must have in order to appear equal in loudness to the 
comparison tone, when this tone is presented at 20, 40, 60, and 80 db above 
threshold. Such curves have already been presented by Kingsbury. 

One ear was then fatigued for 2 min with a tone of 800 eps at an 
intensity of 3 dynes per sq em, and for the various tones the levels were 
found that seemed equal in loudness to the comparison tone. These 
results are represented in the solid eurves of the figure. 

The circuit used for carrying out these measurements is shown in Fig. 
7-2. There were two oscillators G, and G; and three attenuators bı, bo, 
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ol 
Fic, 7-2. Circuit used for determining equal-loudness relations after fatigue. 


and b;, connected as shown. The switch was first thrown to its lowermost 
position, and a comparison tone of 800 eps was delivered to the phone 
on the right ear. Attenuator b; was adjusted to obtain the threshold. 
Then by appropriate settings of b; the comparison tone could be given 
amplitudes of 20, 40, or more db above threshold. Attenuator b» was 
used in the second procedure to deliver this same tone to the left ear as a 
fatiguing tone. In this procedure the switch was thrown to the third 
Position for 2 min; then without any pause it was thrown to the second 
Position to deliver the variable tone to the left ear. ' This tone was 
compared with the 800-cps tone in the right ear. By switching back and 
forth and adjusting attenuator bı, equal loudness was obtained, usually 
after four to six trials, 3 : 
The displacements of the curves due to this amount of fatigue dis- 
appeared in 10 to 15 min, and the values returned to the ones shown by 
the broken lines. However, after measurements that continued for a 
month or more, mostly with the same comparison tone of 800 cps, there 
developed a clear and lasting disturbance, especially for faint tones. 
he disturbance was such that a change in intensity after the ear was 
àtigued produced a greater loudness change than was formerly the case. 
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Thus the difference limen was made smaller. [This effect may be 
regarded as an artificial recruitment.] 

The temporal course of the difference limen following fatigue is shown 
in Fig. 7-3 for a tone of 800 eps and an intensity of 10 dynes per sq cm. 
Here the solid line shows mean values and the broken lines the extremes 
for eight subjects. These measurements were carried out with a rotary 
potentiometer giving sinusoidal changes of intensity at a rate of four per 
second. This rate was such that the intensity variations were not 
noticeable at the moment that the tone was switched on, and yet the 
duration was sufficient for them to be heard. Because the measurements 
were relative, it was satisfactory to take as a criterion for the audibility 
of the variations not the value at which they were just noticeable, because 
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Fra. 7-3. Temporal course of the difference limen after fatigue. The solid line repre- 
sents the mean of eight subjects and the broken lines the extreme values. 


this value was greatly altered by wanderings of attention, but a certain 
larger value that could easily be held in mind during a series of measure- 
ments. Such a procedure can always be adopted for relative measure- 
ments, and it gives only a moderate dispersion of the data, It might be 
supposed that a fatiguing of the nerves would at the same time produce & 
change in the attentional conditions and hence an alteration of the 
difference limen, but this did not happen. The amplitude of the varia- 
tions was such as to make them audible after about 2 min. The subject 
was not informed of the purpose of the experiment and was instructed to 
concentrate strongly every second on whether the variations were audible. 
The moment at which the variations became noticeable was exactly the 
same as if he had waited for 1.5 min after the tones were turned on an 
then had attended to the variations. 

It was established further that the amount of the fatigue in the fre- 
quency region from 400 to 2000 eps was not significantly different, though 
of course it decreased as the sound intensity was reduced, It was the 
same regardless of whether the varying tone was listened to with one ear 
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or with both ears. If one ear was fatigued with a given tone, there was 
no effect upon the difference limen of the other ear. 

The great effect of fatigue shown here makes it clear that it is better to 
measure the difference limen for loudness by presenting two brief tones in 
immediate succession, as just described, than to use the procedure 
employed by Knudsen and Reisz, who gradually increased the variations 
of à continuous tone until they became noticeable. 

The difference limen was obtained by the following procedure as used 
by psychologists, and is known as the method of constant stimuli (see 
Pauli, 1). One of the tone pulses was kept constant, and the other pulse 
was given one of a series of different intensities. This series had its 
mid-point equal to the constant stimulus, and extended by uniform steps 
&bove and below it until the largest and smallest values were clearly 
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Fic. 7-4. Circuit used for measurements of the difference limen. 


distinguishable from the constant stimulus. When comparisons are 
made for the whole series of stimuli, the middle values give judgments of 
equality and the end values give differences of greater and less. When 
the difference limen increases, there will be an increase in the number of 
intensity steps that give judgments of equality, and when the limen 
decreases, this number is decreased. Thus the difference limen is 
Proportional to the number of equal judgments Ze and depends also, 
of course, on the steps AS between successive stimuli. If every stimulus 
in the series is presented n times, a just-noticeable change of amplitude 
AJ = Xe AS/2n. > 

It is desirable to choose AS so that the number of equal judgments 
remains as nearly uniform as possible for all subjects and conditions, for 
then the errors arising from wanderings of the attention will remain the 
same for all the measurements. Otherwise it would be necessary to take 
i of the dispersion of the equal judgments and its effect upon the 
imen. en 

The cireuit used for these measurements is shown in Fig. 7-4. The 
oscillator worked through two transformers into two attenuators, one, 
dı, to determine the intensity of the constant tone, and the other, bs, for 


the series of comparison tones. Attenuator b, worked into a matched 
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resistance whose middle portion was separated into six equal steps. 
Depending on the step to which the phone was connected, a voltage was 
added to or subtracted from the base voltage of attenuator bi, thereby 
determining the intensity of the comparison stimulus. The rotating 
switches U, and Us were used to alternate the two stimuli. 

The size of the steps in the stimulus series was governed by attenuator 
b. By changing both attenuators the same amount, the intensity level 
was changed without changing the relative size of the steps. As the 
attenuators changed the intensity in logarithmic fashion, they could cover 
the whole loudness range. Resistor p was a correction value, so chosen 
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Fic, 7-5. Randomizing switch. 


that the resistance as seen from the phone was the same for all settings 
of the step switch. 

It was important that the subject remain without knowledge of his 
results, ‚and in order that he might operate the apparatus himself à 
randomizing switch was provided as shown in detail in Fig. 7-5. As the 
knob was turned, the seven steps appeared in an irregular order. 

The measurements were carried out in the following manner. ^ button 
was pressed that set into operation switches U, and U, (which were in 
another room). After the loudness judgment was made, the randomizing 
switch was advanced to the next position, whereupon a number appear 
representing the stimulus pair that had just been given. A record was 
then made for every stimulus as to whether it was judged louder, equal, of 
weaker relative to the standard. For the final measurements, however; 
the numbers were covered so that the subject was entirely ignorant 
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them. After every comparison a button was pressed that operated one 
of seven counters that recorded the number of equal judgments for this 
stimulus. Another counter recorded the number of presentations, and 
indicated when this number reached 70 for each stimulus. Then the 
number of equal judgments was read off and entered into the above 
formula. In this arrangement it was only necessary to be sure that the 
stimulus steps were sufficiently large that the two end stimuli were always 
judged correctly, for otherwise the formula does not hold. This simpli- 
fication of the procedure made it possible to obtain more than 50,000 
judgments for each subject. 

For the final measurements the phones were replaced by the apparatus 
shown in Fig. 7-6, because the low tones in particular were rich in over- 
tones at the larger amplitudes. This apparatus consisted of an electro- 
dynamic loudspeaker with an acoustic filter in front of it, from which the 


Fic. 7-6. Loudspeaker with an acoustic filter. 


tone was conducted to the ear through a hard-rubber tube. This filter 
could be switched out by means of stopeocks. , Hot 
The difference limen did not depend upon the duration of the individual 
tone pulse, As was shown earlier, even weak tones attain their isum 
loudness within 0.3 sec after they are switched on. Hence a duration o 


0.5 sec was chosen for the tone pulses. 

^ The interval between the creator 
Imited effect also. According to Köhler s S : 
son, the making of a comparative judgment consists merely in the 
appearance in consciousness of an impression of a rise or fall of eur 
(Köhler, 2). Hence a judgment of intensity difference can be made 
without any consideration of the tonal character or the absolute intensity. 
This impression of rise or fall depends on the degree of agreement Pii 
the neural effect persisting from the first pulse and the effect arising from 
the second one. Inasmuch as this process remains the same, the dif- 
ference limen is the same also. If the interval between the two grece 
made long, there will appear à gradual deterioration of the first neur 5 
effect, and then the second pulse that is physically equal will be er 
aslouder. Then, however, the physically weaker stimuli will be perceive 


f a comparison pair has only a 
"s theory of successive compari- 
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as equal in loudness, and the total number of equal judgments will 
remain the same. Also a long interval between pulses can produce 
various kinds of irregularities in the neural effect, and therefore a wide 
dispersion of the equal judgments. Even so, their number is unaffected. 
This stability of the judgments is indicated in Fig. 7-7, which represents 
some of the protocols obtained. The 


Logic ed dots represent equal judgments and the 
signs + and — represent judgments of 
t 7,25 sec sert the second pulse as respectively louder 
9 e 9t and weaker than the first. Here the 
DI Be: first tone pulse was followed by & 
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9:0.9 t: after 5 sec, with the last two being 
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Fro. 7-7. Simple protocols for two Fic, 7-8. Effect on the difference 
time intervals between the pulses. limen of varying the interval between 


pulses, in an unpracticed subject. 


equal judgments to be shifted toward the smaller intensities of 1, 2; 
and 3. Also the dispersion is noticeably greater, for apparently the 
making of the first comparison has impaired the second. Even so, the 
number of equal judgments is unaltered. 

This agreement with the theory holds only for practiced subjects, 
however. In general, persons who have not previously carried out this 
sort of observation will show a slight reduction of the limen as the interval 
is lengthened, as shown in Fig. 7-8. With practice this variation rapidly 
disappears. } The reason is that an unpracticed subject requires à certain 
amount of time to separate out, among the many phenomena that a tone 
pulse presents, the particular ones pertinent to a loudness comparison. 
The correctness of this assumption can readily be established by adding 
some sort of disturbing effect to the tone pulse, as by loading the dia- 
phragm of the loudspeaker with a small weight. Then at the beginning 
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and end of the pulse there is added a damped tone representing the natural 
frequency of the loaded diaphragm. If the interval between the two 
pulses is great, the damped wave train ean readily be distinguished from 
the true pulse, and no change in the limen is observed when the disturbing 
sound is filtered out. But if the second pulse follows closely on the first, 
there is a marked reduction of the difference limen. This happens 
because the damped wave train has a different amplitude depending on 
the phase at which the varying current is switched on, and as a result 
the number of equal judgments is 
reduced. If the disturbing effect 
is removed by means of an acous- 
tie filter, the difference limen be- 
comes larger. Preliminary experi- 
ments showed that for all subjects 
an interval of 1 sec was sufficient, 
and a longer interval did not pro- 
duce any change in the limen but 
gave greater dispersion of the data 
because of a fading of memory. 

It was further brought out in 
this experiment that there is a 
capacity of absolute loudness as 
well as one of absolute pitch. A 
sound intensity that was presented 
two or three times could be matched : 
by most of the subjects about 80 per cent of the tim 

ours. 

To prove that a gradual onset and decay of a tone pulse, as produced 
by the acoustie filter, had no effect upon the results, the difference limen 
was determined by using both rectangular pulses and pulses with gradual 
onsets and decays, The circuit of Fig. 7-9 was used to deliver these 
pulses. Here the grid voltage of the final amplifier tube of the oscillator 
was maintained at a high negative value so that the voltage across the 
resistor p was not transmitted. But when switch U was opened for a 
moment the condenser C was gradually charged through resistor t, and 
the grid voltage was thereby diminished, permitting the tube to amplify 
in a normal manner until a closing of U again switched it off. By choice 
of the values of C and R the rate of the amplitude changes could be con- 
trolled within wide limits. If switch S was operated briefly, the con- 
denser was momentarily charged and the tone pulse had an abrupt onset. 
Repeated measurements with various toane showed that switching 
S in and out did not alter the difference limen. ) 

The difference limen remained the same if one tone pulse was delivered 
to one ear and the other to the opposite ear. In this dichotic presentation 
it was important to make sure that the interval between the pues w ie 
as long as possible, so that the effects produced by the two pulses at 
be well separated. Then the pulse in the one ear was least were by 
the foregoing action of the pulse in the other ear. If the interval was 


4 
Fia. 7-9. Circuit for turning the pulse on 
and off gradually. 


e even after several 
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5 sec, then even in untrained subjects there was agreement of the results 
within 2 per cent, whereas an interval of 0.5 sec gave a threshold whose 
mean value was 17 per cent smaller for dichotie presentation. 

The limen was determined also by presenting the two pulses to one ear 
and at the same time stimulating the other ear with two pulses of the same 
frequency and of equal intensity. This procedure gave larger limens 
because the loudness of the base was inereased and then a greater loudness 
change was required to be per- 
ceived as different. Some of these 
results are given in Fig. 7-10. The 
abscissa shows the apparent rise in 
loudness produced by stimulation 
of the other ear, and the ordinate 
shows the factor by which the 
limen was increased. 

It is of interest to note in this 
connection that the change of loud- 
ness is always attributed to the ear 
in which the stimulation is the 
greater. This is true even if the 
stimulation in this ear is constant 
and it is varying in the other ear. 
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Fia. 7-10. Change in the difference limen 
caused by applying a tone of the same 
frequeney to the other ear at various 
intensities so as to vary the total 
loudness. 


be at least double the normal value 


give a certain localization to one side 


No effect on the difference limen 


tension produced by the middle-ear m 
that contractions of these muscles are always 
to deliver an intense high-frequency tone such 


If the intensity is the same in the 
two ears, the changes of loudness 
are always referred to the middle 
of the head. The difference in 
stimulation of the two ears had to 
of the difference limen in order to 
of the head or the other. 

was found on an alteration of the 
uscles. It was established by Kato 
bilateral. It was possible 
as one of 5000 cps to one 


ear, thereby producing an active contraction, without causing any change 


in the difference limen measured in the other 


ear for a low tone such as 


100 cps. This observation shows both that the limen is unaffected by the 
muscle contraction and that there is no effect of stimulation of the 
opposite ear by a tone well separated in frequeney from the one being 


measured. 


The Difference Limen for Amplitude and the Equal-loudness Curves. 
The final measurements of the difference limen were made at two levels, 


20 and 40 db above the threshold 
values of a large number of series 
in Fig. 7-11. Here it is evident t 


of the 0.5-sec tone pulses. The median 
obtained on several subjects are shown 
hat the difference limen is independent 


of frequency over the entire range from 50 to 12,500 eps. The upper 


curve represents values obtained 
the lower curve those at 40 db a 


ata 


level of 20 db above threshold, and 


bove threshold. 


That neural stimulation is of the same nature at all these frequencies is 


— um 
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further indieated by the fact that the difference limen has the same 
magnitude when measured for two successive tones of different frequency. 
It has already been shown by the equal-loudness curves in Fig. 7-1 that 
two tones of different frequency that are equally loud do not in general 
lie at the same level above their own thresholds. If they did, then the 
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E 7-11. The difference limen as a function of frequency, obtained at two loudness 
vels. 
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eurves as plotted on a logarithmie scale would run parallel to one another. 
Hence the difference limens do not remain constant along the curves of 
equal loudness. In order to obtain difference limens of intensity for 
tones of different frequency, it was necessary first to equate the compari- 
son tone in loudness to a reference tone. The reference used here was 


800 cps. Then it was found what <45 
variation was necessary in the com- BC 
parison tones in order to perceive 8 
them as different from the 800-cps ELO 
tone. The relative values obtained 5 
by this procedure are shown in $05 
Fig. 7-12. It is evident that the Š 
difference limen is independent of $ 9 
= `o 100 200 400 800 1600 3200 6400 12,800 


the tones being compared. 

F urther evidence for the uni- 
formity of neural stimulation comes 
from the faet that for all frequen- 
cies a raising of the sound intensity 


y à given number of decibels has t 
limen, as also may be seen in Fig. 7-11. 

It is now clear that though moderate chang 
same effect upon the difference limen at all frequene 
true when the changes of intensity are great. 
Plainly show that for the low tones a gi 
greater change in loudness than for the high tones. 
loudness are not produced merely by in 


Frequency, cps 
Fic. 7-12. Relative magnitudes of the 
difference limens obtained by comparing 
tones of different frequency. 
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The curves of equal 
cidental physiological conditions. 
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Since the tones being compared are separated more and more in fre- 
quency, it might be assumed that the differences of character of the tones 
are responsible for this phenomenon, but this is not the case. The 
equality in loudness of two tones is a true equality, and two tones that 
are equal to a third tone are equal to one another. This fact may be 
demonstrated with great exactness for tones of 50, 400, and 5000 eps, as 
their characters are completely different. The different loudness 
increases are shown in Fig. 7-13 for the tones 50 and 800 cps. The 
measurements were carried out in such a way that for a certain intensity 
increase for the normal tone of 800 eps, as shown on the abscissa, it was 
found how much the tone of 50 eps had to be raised to produce the same 
change in loudness. When the intensity change is of moderate degree 
this can be done by adjusting the two tones to the same loudness and 
3 presenting them by means of a 


5 e rotating potentiometer so as to 
v give a variation of sound pressure 
28 at a rate of twice per second. 
£ ET 'The amount of the change was 
5e altered by varying a parallel 
$5 resistance. With most subjects 
25 this method becomes inexact 
E when the sound intensity is raised 
a! to high levels. Therefore a direct 
o uu 20 230 40 comparison was made of the 
‘ound pressure increase of P 
800 cps tone, db values of sound pressure increases 


Fra. 7-13. Equal-loudness level increases producing equal-loudness changes 
for two tones differing widely in frequency. for two successive tone pulses. 

f For this purpose the tone of 800 
cps was given an initial intensity of 40 db above threshold, and the 50-cps 
tone was adjusted for equal loudness. Then the 800-cps tone was 
increased in intensity by some amount and the 50-cps tone again adjusted 
for equality. 

It is clearly seen in Fig. 7-13 that up to 6 db the two tones remain 
exactly equal, without any frequency effect. For still larger changes 
there are differences. For the smaller loudness levels, up to about 30 db 
above threshold, no variations could be found, and this fact is obvious 
from Fig. 7-1, where the lowermost curves run parallel to one another. 
Hence it is improbable that these variations arise from differences among 
the nerve fibers. It is more likely that new phenomena enter when 
the loudness is raised to higher levels. 

] It may be that interactions between nerve fibers arise for low tones at 
high levels as broad areas of the basilar membrane are stimulated. The 
effects may be similar to what happens in the eye on the presentation 
of two patches of light of equal intensity but different size; here the 
larger patch seems brighter than the smaller. All subjects report that 
when a tone of 50 cps is increased in intensity it changes its timbre, an 
this is true even when the tone is completely pure. Hence it is probable 
that the nonlinear characteristics of the ear play a part. Though for 
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high tones the vibratory amplitudes of the eardrum are small because of 
the large elastic forces acting upon it, the same pressure variations at 
low frequencies produce large displacements that bring in nonlinear 
actions to an important extent, and the transmission is no longer pro- 
portional to the applied sounds. 

If the sound intensity of a tone is gradually increased, a level is finally 
reached at which a pricking is felt in the ear along with the tone. The 
intensity at which this happens is called the threshold of feeling. As a 
similar pricking is produced by any overstimulation of the nerve fibers, 
it may be supposed that the threshold of feeling serves to protect the 
endings of the basilar membrane against excessive sounds. If the nerve 
fibers excited by all tones have the same characteristics, then the amount 
(in decibels) that à sound must be raised above threshold in order to 
reach the threshold of feeling ought to be approximately the same. How- 
ever, this is not the case, as Fletcher's (2) results on the feeling threshold 
indieate. It therefore appears that there is no relation between the 
loudness of a tone and its threshold of feeling. N 

The effect of fatigue on the feeling threshold was studied by deter- 
mining how much the sound intensity had to be raised in the course of 
1 min so that the pricking continued at a uniform level, and at the same 
time the falling off of loudness was observed. It was found that the 
loudness fell off much more than the threshold of feeling, which for most 
subjects was hardly affected. In one subject a curious effect was found 
in that the pricking periodically appeared and disappeared at the rate of 
about once per second. If the sound intensity was increased further, this 
phenomenon appeared throughout the whole frequency range, while the 
variations of the threshold of feeling became steadily greater. This 
phenomenon suggests that the threshold of feeling probably results from 
a stimulation of nerve endings in the middle ear and not of endings in the 
basilar membrane. 


In support of this explanation is the fact that when only one ear is 


stimulated the buzzing is localized at an entirely different place from the 
tone. Also, when both ears are stimulated equally, the tone is localized 
in the middle of the head, while the pricking is referred to the two ears 
Separately. In this connection it was found that, if a tone in one ear 
Was raised to the threshold of feeling and then the other ear was stimu- 
lated with a strong tone of the same frequency, the over-all loudness was 
increased, whereas the pricking did not seem to be any greater. rra 
over, the level of the threshold of feeling in one ear was not affected if the 
other ear was stimulated with a tone that was even above its own thresh- 
old of feeling. 


These tests were carried out by means of the circuit shown in Fig. 7-14. 


© avoid the sensation of dizziness that appears when an intense tone is 
suddenly Bald on; a resistance R was used to give a gradual increase 
in the voltage from the oscillator. Switch S was used to turn on the tone 
in one receiver or the other, or in both. Resistance p was used to adjust 
the intensity in one receiver so that the threshold of feeling was reached 
in both ears for the same current, which could be used as a measure of 
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any changes in this threshold. The most satisfactory frequency for 
these measurements was 200 eps, because for this tone the loudness at 
the threshold of feeling is reasonably small, as compared for example 
with that for 800 eps, for which it becomes unbearable. This fact itself 
shows that the feeling threshold does not correspond to a curve of equal 
loudness. 


Resonont | B 
circuit = 


Rondomizing 
switch 


tg a^ 
(dr) In 


Fic, 7-15. Circuit for the measurement of frequency discrimination. 


Relations between the Difference Limens for Amplitude and Fre- 
quency. Now that it seems likely that the nerve excitation at different 
regions of the basilar membrane is much the same, it is well to inquire into 
the frequency relations of the difference limen for frequency. The 
determination of this limen was made in much the same manner as just 
described, by comparing the frequency of two successive tone pulses. 
For this purpose the circuit of Fig. 7-15 was used. Stepwise changes of 
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frequency were produced by adding small condensers of appropriate 
values to the main condenser in the oscillator circuit. These condensers 
were made of old air condensers arranged with their plates on a common 
shaft, and the number of plates varied, one for the first step, two for the 
second, and so on. Thus the steps of frequency An were uniform for the 
whole series. So that this array of small condensers could be used even 
at the low frequencies, the capacitance of the oscillating circuit was 
stepped down by means of an autotransformer 7. By this means the 
apparent impedance of the condensers was greatly reduced, with the same 
effect as if the capacitance had been correspondingly increased. The 
switch S4 was used to change the capacitance by large amounts and was 
adjusted so that the switching in of the small condensers always gave the 
same percentage change of frequency. This is a satisfactory condition 
for the measurements, because the difference limen An/n varies only 
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Fro. 7-16, Effects of the duration of the pulse upon pitch discrimination, for a tone of 


800 cps at 40 db above threshold. 


slightly with frequency. Minor adjustments could be made by rotating 
the common shaft of the condensers. A precise setting of the base 
frequency could be made by varying the inductance L of the oscillating 
circuit by shifting its iron core. An automatic relay was used to present 
the middle step as the first pulse and then some other step, chosen E 
random by a special switch, as the second pulse. The switching of c 
tones on and off was done by means of interrupters U, and Us. e 
ammeter M was used to check the current and make sure that it was not 
altered by the changes of frequency. When the thresholds were to be 
measured for both ears together, switch S was placed in its F^ posi- 
tion. It is possible for a given frequency to be heard as di e in 
pitch in the two ears, and when this happened switch S; was used to 
change the frequency of the middle step so that the pitch appeared the 
Same in the two ears. b : 

A certain time is required for the perception of the pitch of a a and 
therefore preliminary tests were made to discover how the difference limen 
varied with the duration of the pulse for tones 40 db above threshold. 
These results are shown in Fig. 7-16 for two subjects and a tone of 800 eps. 
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For lower tones the curves continue to decline for even longer times, and 
therefore 1.0 sec was chosen for the pulse duration. Durations longer 
than this produce no changes in the difference limens. The same con- 
siderations as before governed the interval between pulses. 

The fact, which Knudsen found, that small variations of frequency and 
of amplitude can easily be confused 
may be understood by reference to 
Fig. 7-17. Here it is shown that 

Los. a slight displacement of the curve 
AI of exeitation such as may be pro- 
duced by an alteration of frequency 
ean only be perceived in terms of 
changes in the strength of excita- 
Í tion at the various points. There 
is a difference only in that a change 
of amplitude alters the excitation 
by the same proportional amount 

at all points in the curve, whereas 
Bag ie a change of frequency alters es 
E excitation in a different way at the 

Mw ee s Me various points and in a different 

for two adjacent frequencies. direction on the two sides of the 
: peak of the curve. 

_ Thus there are complicated relations between the two kinds of difference 
limens. The difference limen for frequency is not altered if the two tone 
pulses are presented to separate ears, If one ear is used for the measure- 
ments and a constant tone of the same f. requency is presented to the other 
ear, the difference limen for pitch changes in accordance with the apparent 
loudness of the tone in just the same way as shown in Fig. 7-10 for the 
difference limen for loudness. Moreover, the percentage change in both 
difference limens remains the same as the intensity level is raised above 
the threshold. Because the basilar membrane is strongly provided with 
transverse fibers, a deformation produced at one place does not spread out 
with the passage of time as is usually the case for other tissues. For 
example, a weight placed upon the skin produces a deformation that is 
still spreading even after 30 see. The stimulation curve for the basilar 
membrane has the same form even for longer actions of a tone. Since 
both difference limens depend upon the perceptibility of changes in the 
distribution of stimulation, and there is no change in the stimulation with 
time, it follows that both difference limens are affected in the same way a8 
a result of fatigue. To test this point, an intensity modulation was 
superimposed upon the tone, and the size of this variation was chosen 80 
that at the instant the tone was switched on the modulation was barely 
noticeable, When the modulation was reduced by some amount it 
became audible only after a little time, as shown in Table 7-1 for a tone 
of 800 cps at a sound pressure of 10 dynes persq em. The same sort of 
measurements were made also with frequency modulations, by using 3 
rotating condenser with a rate of rotation of four times per second. The 


Magnitude of local excitatory processes 


Distance along the basilar membrane 
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TABLE 7-1 
Relative size 
of the Time required for perception of Time required for perception of 
difference limen amplitude variations, sec frequency variations, sec 
1.00 0 0 
0.74 22 19 
0.55 37 40 
0.37 61 66 
0.30 140 150 


capacitance was adjusted so that the frequency modulation was just 
perceptible at the onset of the tone, and then was decreased and the times 
measured until the modulation could be perceived. As the table shows, 
the two kinds of modulation sensations follow the same course with time. 

In order to bring out additional relations between the two difference 
limens, it is necessary to consider the schematie excitation curves of 
Fig. 7-17 and especially to note how much the excitatory effect is altered 
at a particular point when the frequency of the tone is changed. The 
distribution of excitation along the basilar membrane is continually 
sharpened up through interaction among the nerve elements as a result 
of contrast, and hence it is necessary to consider the form of this curve in 
the higher centers of the brain, or preferably at that place where the 
magnitude of the change of excitation is directly presented to conscious- 
ness. To a certain extent this condition can be satisfied by observing 
the increase in loudness when a tone of one frequency 18 presented to one 
ear and an equally loud tone of another frequency is simultaneously 
presented to the other ear. ‘Then the combining of the two neural effects 
must take place in a higher brain region. We can then assume, eie 
too great error, that there is only a negligible contrast effect arising in the 
pathway from the first coming together of the two excitations up to x 
point where the loudness change appears in consciousness. mes the 
excitations arising in the two ears may simply be added. When the Ms 
in the two ears are of the same frequency and loudness there need not be 
àny doubling of the loudness, because the magnitude of the posue 
that, passes from one ear into the neural pathways of the other cannot be 
as large as the excitation in the pathways of this other ear itself. " 

In Fig. 7-18 is shown the equipment used for measuring the lou od 
inerease when a tone in one ear is added to the equally loud tone fi t s 
same frequency in the other ear. At first the switch 5 was ped an 
the attenuator b; was adjusted for equality of tones in the two p Br 
Then attenuator b; was set to the value just found for bs and swite aes 
closed, so that both phones sounded simultaneously; and the Be 2 
ollowing this one was altered by means of bz so that the tone pro nse 
by both phones together seemed of the same loudness as if only one were 
Switched on. When the attenuators were properly adjusted, the ee 
I showed that the oscillator current was not affected by closing the 
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switches Ui, U», and U;. Results obtained for a number of subjects, for 
tones throughout the auditory range at 40 db above threshold, are shown 
in Fig. 7-19. This figure shows how much the loudness was increased 
when two ears were used as compared with one. The mean value of 
4.1 db is altogether independent of frequency, as expected. 


Fra. 7-18, Cireuit for measuring the increase of loudness resulting from stimulating 
both ears with the same tone. 
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Fra. 7-19. The loudness increase produced by stimulating both ears with the same tone. 
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These measurements were carried out with phones covered with felt; 
so this increase in loudness cannot be an artifact caused by a conduction 
of the sound from one ear to the other, Furthermore, bone conduction 
was not involved, because the transmission of sound by bone is negligible 
relative to that by air. This is readily proved by use of the circuit of 
Fig. 7-18. The switch S was opened, and attenuator b; was set so that 
the loudness of the tone was equal in the two ears, If now the opening 
of the phone on the left was sealed over so that no sound could escape by 
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air conduction, it was found that the current into the phone had to be 
increased by means of attenuator b; by at least one thousand to ten 
thousand times in order to restore an equality of loudness in the two ears. 
The bone eonduetion produced by the vibration of the earphone case was 
smaller than the air conduction by this amount and hence was negligible. 
It is best to carry out these experiments initially with the smallest 
possible intensities, for otherwise the phone will be overloaded by the 
heavy current required after its opening is occluded. Then the contact 
of the diaphragm with the magnet will give erroneously low values. The 
results show that the relation between air and bone conduction is the 
same over the entire range of frequency and loudness. Also there are 
only slight differences among phones in this respect. 

Stumpf (4) and Hornbostel (1) failed to find any loudness increase of 
this sort. Perhaps the reason was that they worked only with weak 
tones whose difference limens were so large that slight increases in loud- 
ness could not be appreciated with certainty. Certainly the results do 
not prove that the threshold is raised when both ears are used together. 
Indeed, at the threshold the difference limen is already so large that no 
effect is seen if there is a doubling of the loudness (a 6-db increase). 
This experiment is successful only if the subject works at the limit of his 
ability and a sufficient number of observations are made so that changes 
are revealed that are smaller than the difference limen. For this purpose 
the comparison tone in the one ear was changed by operating b; until it 
seemed barely louder, and then, beginning with larger yalues, until it 
seemed just softer, in order to arrive at a general indication of a middle 
value. These adjustments were concerned only with changes of loud- 
ness. The difference between increases of loudness and increases of 
tonal volume was clearly perceived at the moment that the tone was 
switched into the other ear. Therefore a confusion of these two attributes 
ecially as most of the subjects were 


of the tone could hardly occur, esp i c : 
accustomed to using various sorts of cues In their loudness comparisons, 


such as that of a click or a tone pulse. — " 3 
It may be shown by means of the circuit of Fig. 7-20 that in fact the 


form of the excitation curve is unaltered by preliminary exposure toa 
continuous fatiguing tone. Measurements were made of the increase in 
loudness that results when an equally loud tone of a different frequency 
was presented to the other ear. This was done once without the pre- 
liminary fatiguing and then after the fatiguing. At first bi, vibe 
controlled the altered frequency from oscillator Gs, was set so that t E 
loudness was equal to that of the reference tone from Gi. Then swite 


S was opened, and S; was set 


between the two middle positions. Now 
when S was briefly switched on, the two tones were sounded together by 


switchi y t position of Sı. The loudness of these 
ching to the next Sota btained by switching to the last 


tones was compared with that of a tone 0 x 
position of S. and equality was arrived at by varying bs. pa ba 
settings of b, and by the loudness increase was obtained. In order id nd 
the loudness increase produced by preliminary fatiguing, the switch was 
turned to the second position for 2 min; then 5, was adjusted with 5 open 
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so as to give equality of the tones in the two phones. Thereupon the 
fatiguing was repeated after a particular interval with S closed, and after 
2 min a comparison was made of the loudness at positions 3 and 4 of the 
switch. The values obtained are shown in Fig. 7-21, where the open 
circles represent measurements made without fatigue and the filled 
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Fra. 7-21. The loudness increase produced by adding an equally loud tone of different 


fr ee à n 
(filled ole A other ear, for normal conditions (open circles) and after fatigue 


circles represent those made after fatigue. It is obvious that there is no 
effect of fatigue. 

‚The Increase in loudness that results when the other ear is stimulated 
with an equally loud tone of a different frequeney was determined for 
various tones by using the circuit of Fig. 7-18 with a second oscillator 
operating into attenuator bı. This second oscillator delivered frequencies 
of n T An when the one shown was delivering frequencies of n. In order 
to bring out most clearly the form of the increase in loudness as the fre- 
quency separation of the two tones was inereased, subjects were used 
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that had already been found to experience the largest loudness increases 
when the tones in the opposite ear were equal. In these measurements 
it was found best to fix the attention of the subject in such a way that he 
regarded the variable frequency in the other ear as a disturbance that 
might alter the loudness of the base tone of constant frequency. The 
results, obtained with only a few subjects, are given in Fig. 7-22. All are 
for levels 40 db above threshold. The data obtained for 500 eps are in 
agreement with those already obtained by another method. 

In considering the relation between the difference limen for amplitude 
variations and that for frequency variations, see Fig. 7-23 in which two 


-0.1 


an 
(a) 


Fig. 7-22, Results as in the preceding figure, for additional frequencies. In graph e, 
the open circles represent 500 cps, and the crosses represent 2000 eps. 


excitation curves for different frequencies are represented is i 
25a anda’, Here it may be noted that under the conditions just stated, 
When the two tones are delivered to the opposite ears so as to en a 
doubling of the loudness, the relative decrease in the size of the excitation 


A//J occurring at a place that is at a distance An/n from the point of 


maximum excitation is twice as great as the relative decrease in loudness 


AL/L. Hence the loudness is determined by the maximum of excitation. 
Because of the form of the curve, a shift along the frequency scale 
Produces different amounts of change in excitation at every point. 
This fact is made clearer by a consideration of Fig. 7-17. The frequency 
shift of An/n (that is, a change in frequency of n An) produces a dien 
change of excitation at the point indicated, but less at points to : a t 
of this and more at points to the right, until the maximum of the first 
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curve is reached, and so on. This shifting of the curve of excitation 
becomes noticeable if at some place the relative change of excitation 
AJ/J attains a value equal to the difference limen. The excitation 
curves show that the relative change AJ/J produced by a slight shift in 
the upper part of the curve is nearly constant and represents a maximum, 
and therefore it is this upper part of the eurve that is determinative of the 
perceptibility of a frequency change. If the slope of the excitation curve 


Fr 


NM 


Fro. 7-23. Schematic representation of two curves of excitation on the basilar mem- 
brane and their combined effects. 


of Fig. 7-17 at any point is represented by S, then for the difference limen 
for frequency D, and the difference limen for amplitude D, we have 


Here S/J is the relative slope of the excitation eurve and is twice as great 
ns the relative slope of the loudness variation in Fig. 7-22. 

If we use this equation for the measurements with 500 eps for example, 
we find that the relative loudness changes to AL/L = 0.5/2.0 when the 
frequency is altered by An/n = 0.043. This relation can be obtained 
from the tangents of the curve on the upper left of Fig. 7-22. Therefore 
the relative slope of the loudness curve 


AL/L 05 _ 
An/n 2X003 _ 


and that of the excitation curve S/J = 11.6. We see here that the 
ae of magnitude of one difference limen can be determined from the 
er. 

From the frequency relations of the difference limen for frequency it 
can be determined, as Fig. 7-22 shows, that the slope of the excitation 
curve for a tone of 2000 eps is not significantly different from that of à 
tone of 500 cps, whereas the other frequencies show a smaller slope àn 


5.8 


AUDITORY THRESHOLDS 229 


accordingly a larger value of the frequency difference limen, just as the 
measurements have shown. The fact that the difference limen that is 
derived from the steepness of the excitation curve is larger than that 
measured in terms of loudness increase signifies that from the place of 
crossing over of the auditory fibers to the locus in the brain where the 
loudness changes come to consciousness they must traverse a path in 
which a further sharpening up of the excitation curve is brought about 
through contrast. 

That the ability to observe a shift in the excitation curve depends upon 
the amount of the decline in excitation is best shown in the visual analogy 


Fra. 7-24. A visual analogy of shifts of excitation on the basilar membrane. 


of Fig. 7-24. Here the upper picture was obtained by rotating the lower 
one. A shifting of the upper picture is readily apparent at the right, 
Where the thin line of light appears, and can hardly be seen on the left, 
where the lighted area is broad. ‘Thus shifting of the region of stimula- 
tion is the more clearly seen the more rapidly the excitation falls off at the 
edges of the region. "This relationship may seem obvious, yet it is neces- 
Sary to emphasize it, for it is this just-perceptible spatial shifting of the 
curve of excitation on the basilar membrane that depends m the slope 
of the excitation curve and is different for every frequency." 

Theory of Beats. As a further application of the observation that the 
herve endings along the basilar membrane are everywhere about e sp 
consideration will be given to the relations of beat phenomena to re- 
quency. Because the movements of the basilar membrane are highly 
damped, the stimulation produced by a tone exte 


e been omitted, in which speculations 
ilar membrane. The 


nds over a broad area. 


* >. PM 
[Here two pages of the original paper hav soit 
Were made on the locus of maximal stimulation along the ba 


problem was later taken up experimentally (see Chaps. 11-13).] 
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It follows that two beating tones whose difference in frequency is small 
have regions of excitation that overlap to a large extent. If we represent 
the vibrations of two tones as having frequencies n; and n; and amplitudes 
A; and A», then a simple calculation shows that we can regard the 
two beating tones as a single tone whose amplitude varies at a rate of 
y = nı — ns but at the same time whose frequency at the moment of the 
beat varies back and forth about the value 


2A 1A 2 
Ani aly SEs 
MK mee 
Now if the amplitude of the two beating tones is the same, or A; = Ay, 
there is no frequency variation along with the amplitude variation, and 


then the tone has a steady frequency of (nı + ns)/2. As the idea of a 
tone of varying frequency is somewhat vague, we can conceive of beats 
between tones of unequal amplitudes (A; > A») as though the stronger 
tone A; consisted of two tones of the same frequency, one having the 
same amplitude as A» and another with the remaining amplitude. The 
first of these tones together with A; will then form a beating combination 
with the steady frequency (ni + n3)/2, on whose beating is superimposed 
the second tone with the amplitude A; — A». 

In order for the beats to be perceptible, the variations must attain a 
certain value. In Fig. 7-25 the dotted lines along the abscissa represent 
the excitations corresponding to 
the two beating components for 
various beat frequencies, and the 
heavy curve represents the course 
of the excitation produced by the 
main tone with constant ampli- 
tude. If the deformations of the 
excitation eurve produced by the 
superimposed varying effects are 
to be perceptible, it is not so much 
that these variations must attain 
à certain size relative to the size 
x the constant exeitation but 

; z that by contrast the deformation 
ma eine, HA must have a certain curvature, a8 
a ai emees m relation to indicated by the heavy-lined seg- 


h x ments of the curves. Through 
the contrast effect this curvature determines the sharpening up and 


accordingly the separability of the beatings from the continuing excita- 
tion. It is then clear that a limited deformation can give rise through 
contrast to a change of excitation that is larger than the excitation pro- 
duced by the deformation itself. 

Here it becomes apparent that there is a difference between the changes 
of amplitude that may be produced in a tone by back-and-forth move- 
ments of a potentiometer and those that arise when a second tone is 
made to beat with it. In the first situation the amplitude variations are 


Magnitude of local excitatory processes 
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observable if they are as large as the difference limen, which has the same 
value for all frequencies. In the second situation, however, the relative 
magnitude of the superimposed tone that is necessary to give perceptible 
beats depends upon the relations of eurvature of the excitation eurve and 
therefore is different for every tone. The size of the curvature of the 
excitation eurve depends upon its slope, which is inversely proportional to 
the difference limen for frequency, as already shown. ‘Thus the relative 
magnitude of the second tone that is required to give perceptible beats 
must be greater the less the slope of the excitation curve or the greater 
the difference limen for frequency. Accordingly, it now is clear why 
Riesz, who measured beat thresh- 
olds, obtained much larger am- 
plitude changes for low tones than 
for high tones, when because of 
the constancy of the difference 1.0 
limen no differences with fre- 2 


2.0 


DM 
quency were to be expected. It 5 
must not be forgotten that beats a 05 
consist of frequency variationsas 7 


well as amplitude variations, and 

both must be taken into account. EE 
To be sure, there is a proportional 02 
relationship between the just-per- 
ceptible amplitude variations in 

beats and the difference limen for i 

frequency, as shown in Fig. 7-26. 120 5 a en 
Here Knudsen’s measurements of Frequency, cps 

the difference limen for frequency Fia. 7-26. Relation between the difference 
are represented along with Riesz's limen for frequency and just-noticeable 
results on beats, both on a loga- changes of amplitude in beats. 


rithmic scale. Therefore we can 3 : Uu 
suppose that in the determination of just-noticeable amplitude variations 


in beats it was the difference limen for frequency and not that for ampli- 
tude that was operative in producing the variations with frequency. 
Moreover, the results of Riesz (1) plainly bear out the uniform penne 
of nerve excitation for all tones. If a logarithmic plot is made of t P 
size of the relative difference limen for amplitude as à owe o 
the sound intensity above threshold, as shown in Fig. 7-27, it oem 
clear that the form of the curve is the same for all frequencies. ^ y 
1000 eps shows a variation. However, because in the many tele- 
phone laboratories 1000 eps is used as a reference tone, a eps ad 
used in Europe, it is probable that so many cer p » cH = 
made with it that a lasting fatigue has been produced Fi us rind 7:3 
Sensitivity of the nerve endings, as May be seen oa igs. /- ki i 
At any rate, the same variation may be seen in the European measure 


m i ls. : 
enis with 500 ops ab Fr Me tones is increased so that the beating 


If the difference between the two tha 
Tate rises, it is found that the size of the loudness variation decreases 


232 THE PSYCHOLOGY OF HEARING 


greatly. This might be accounted for in part by the fact that the 
regions of stimulation are now more separated from one another, and the 
overlapping is less, whereupon the magnitude of the beating falls off. 
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Difference limen 


0.05 
o 20 40 60 
Above threshold, db 


Fro. 7-27. Relative difference limens as a function of loudness level for a number of 
frequencies. 


Yet the nearly aperiodic character of the basilar membrane motion 
makes this hardly possible. Moreover, Fig. 7-25 shows that a shifting of 
the excitation curves has little effect 
| | upon the relations of curvature, a8 
the heavy-lined segments clearly 
indicate. Actually this decline in 
magnitude of the loudness variations 
with increased beating rate depends 
upon another phenomenon. 

Let us consider, as shown in Fig. 
{ 7-28, two adjacent nerve cells in the 

Fia. 7-28. Schematic representation of basilar membrane that are expose 
two adjacent nerve cells when exposed 0 & pressure gradient. In such & 
to a pressure gradient. case the fluid of the cell exposed to 
! the greater pressure will be pressed 
through the cell walls into the other cell. Beeause the cell wall is 
semipermeable, substances dissolved in the cell fluid will not be able to 
pass through. Therefore there will be an increased concentration of the 
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substances in front of the wall, while on the other side of this wall there 
will be an accumulation of clear fluid. An increase of concentration in a 
cell produces an osmotic pressure, which with the elastic forces of the cell 
wall counterbalanees the imposed pressure. 

The difference in concentration on the two sides of the semipermeable 
wall must now be regarded as determining the magnitude of the excita- 
tion. In this regard it becomes obvious that only rapid pressure varia- 
tions can produce a neural excitation, for then the concentration changes 
will not have time to be equalized through diffusion. If the pressure 
change lasts for only a brief time, we can probably assume that the 
quantity of fluid that passes through the cell wall will be proportional to 
the exerted pressure and the time that it acts. Because of the great 
frietional resistance of the pores of the cell wall the fluid flow will follow 
Poiseuille's law. 

We come here to the same relations that Nernst (2; see also Nernst and 
Riesenfeld) postulated for the electrical stimulation of nerve fibers, in that 
the substances transported up to the cell wall or away from it are con- 
sidered to be proportional to the electric current strength and the time. 
Nernst’s formula, which indicates the magnitude of nerve excitation as 
the effect of various current strengths and pulses, can be adapted for 
present use as an expression of pressure effects by replacing current 
strength by pressure gradient and by using another constant for the ions 
transported to the cell wall for a given value of pressure gradient acting 
for a given time. The equations representing the course of the changes of 
concentration with time are linear, and therefore in the beating situation 
We can assume a steady pressure gradient on which is superimposed a 
sinusoidal pressure variation. The equations then apply separately to 
the two kinds of pressure gradient. 

We now find that for sinusoidal 
the concentration changes at the cel 


pressure variations the magnitude of 
1 wall and hence the size of the excita- 


tion is inversely proportional to the square root of the rate of the pressure 
variations. If the beat rate is represented by y, then the size of the just- 
noticeable amplitude change AJ is given by the equation AJ =K, / Vy, 
where K is a constant. This formula holds only for a limited region of 
f requency, because for very slow beats the well-known adaptive processes 
of the nerves arise, and the assumption that the fluid material transported 
through the cell wall is proportional to the pressure no longer _ 
Long-continued pressures bring about a state of equilibrium in jen 
there is no longer any fluid flow and the proportionality to time “a 
appears. On the other hand, the size of the amplitude change cannot 4 
greater than the amplitude of the tone am beating is imposed, 
and here also the formula encounters a limitation. 

To test these considerations the circuit of Fig. 7-29 was used. The 
frequency of the oscillator G was set so as to give four beats per second 
with oscillator G,, a rate that is most clearly observable. Attenuator bi 
Was used to produce an intensity of 40 db above threshold, and attenuator 
bz was adjusted to give just-perceptible beats when the tone pulse was 
presented by means of the automatic switch. For the second presenta- 
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tion the frequency of Gz was raised, and hence the beat rate was increased 
by the amount determined by the condenser C. Thereupon the change 
of amplitude had to be increased by manipulating attenuator bs so that 
the superimposed tone was greater relative to the tone delivered earlier 
through b. The increase that was necessary to keep the beating audible 


Inv=1.0 ] 
0 | 40 45 
v=4.0 6.0 75 12.0 19.0 68.0 


F eec bles relation between rate and amplitude of beats, The solid line repre- 
sents the calculated curve. In» represents the natural logarithm of the rate of beating: 


after the beating rate was increased is shown in Fig. 7-30. Here the 
heavy line represents results calculated from the formula, and it is clear 
that they are in good agreement with the measurements down to a low 
beat rate of four per second. Also the preliminary observations that 
Riesz carried out to determine the most suitable beat rate for his measure- 
ments are in agreement with the formula, as shown by the constancy 9 
the numbers in the last column of Table 7-2. In the second column © 
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this table is shown the relative amplitude of the superimposed tone that is 
necessary to give audible beats. 


TABLE 7-2 
A/A; 
= x 10? 

» Ar/Aı v» 
4.0 0.056 2.8 
9.0 0.0825 2.75 
17.0 0.117 2.84 
0 0.149 2.52 


If two equally loud tones are presented to the same ear they produce 
beats. If the beat rate is slow, it is possible to follow the rise of loudness 
to its double value, and then its fall to nearly zero. But if the beat rate 
is larger, the changes of concentration at the cell wall do not any longer 


350 400 450 500 550 600 
Frequency, cps 


; i i etion of the 
Fia. 7-31. The loudness of two beating tones at their maximum as a fune t 
beating rate. One of the tones was maintained at 500 eps, ar wi war was varied 
as shown on the abscissa. The broken line represents a calculated curve. 


follow the rapid changes of pressure, and therefore in the brief period of 


i f 
the beat they fail to attain the double value. Therefore a comparison o 
the Coral loudness produced by two tones of the same amplitude gon 
à tone of constant amplitude shows that as the beat rate a A R 
maximum steadily grows smaller, until finally it can no longer be re d 
nized. Then the loudness of the two beating tones is the REND = = 
one of them. Up to v = 4 the loudness doubling is still pres 3 ad 
from here on the magnitude of the beating tone decreases as the squa: M 
root of the beating rate, as indicated above. Hence the maximu 
loudness is represented by the formula (1 + v40/ v)Lo. A d 
of observed results and loudness calculations from this formula i on 5 
by Fig. 7-31. The ordinate represents the loudness — a Dna n 
one of the two equally loud tones. The solid line represents t e ^ ch 
tions and the broken line the calculated curve. unge cte the zm 
culty of the observations, the agreement 1s excellent. ceo rest : 
were obtained for 200 and 2000 eps, and showed that the decrease o 
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loudness does not depend on the percentage change of frequency, but 
merely on the frequency difference between the two beating tones. 

The fact that the neural excitation becomes smaller as the frequency 
of the pressure variations becomes greater strongly suggests that in the 
usual excitation of the nerve endings of the basilar membrane, brought 
about by the periodic flexing of the membrane due to a steady pressure of 
eddies in the fluid, the main portion of the excitation is to be ascribed to 
the steady pressure. This situation contributes to the fact that the 
excitatory characteristics of the nerve endings are the same for all tones.* 

Nernst’s formula further indicates that the introduction of a constant 
current i for the time ¢ at the cell wall produces a change of concentration 
Co — C = Ki vt. Therefore the loudness of a tone pulse depends 
upon its duration, or L = K Vt. To test this relationship the circuit of 


Fra, 7-32. Cireuit for study of the relation between the duration of a tone and its 
loudness. 


Fig. 7-32 was used, with a tone of 800 eps at 40 db above threshold. 
When the switches marked U, were in the uppermost position they were 
all ‚automatically coupled. Switch S, likewise was set at the upper 
position, and then the uppermost interrupter, which rotated continu- 
ously, delivered a tone pulse of 0.1 see duration to the phone. The 
loudness of this pulse was controlled by attenuator b; and was compared 
with that of a shorter pulse by setting S, to the lower position and adjust- 
ing attenuator bı. Switch S: permitted a selection of various pulse 
durations by the rotating interrupter. It was necessary to measure the 
durations of the pulses because they were readil y altered by poor contacts. 
These durations were measured by switching U, to its lower position, 80 
that a constant direct current was imposed on by. If the rotating inter- 


* [These conclusions concerning the importance of static i ing were 
made in 1929. Later experiments with enlarged models of ths toakion ep skin 
as a nerve supply seem to indicate that the steady pressure is not necessary and that 
the phenomena produced on the skin are closely similar to those in hearing. Unfor- 
tunately the experimental efforts to determine whether the vibrations undergo recti- 
fication have been inconclusive both for hearing and for skin stimulation. This 


question has to be kept open until more i i d 
both auditory and skin nerves.] MN ren 
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rupter was set so that only one pulse followed the pressing of a button, a 
momentary current was produced that could be measured on the ballistic 
meter whose resistance was matched to that of the attenuator. To 
determine the duration of the various pulses, b» was set for each inter- 
rupter so that the instrument always showed the same deflection. Then 
the differences in the settings of the attenuator represented directly the 
natural logarithm of the durations. The use of an attenuator as a shunt 
for a ballistic instrument is always to be recommended if sufficient energy 
is available for the attenuator to be set to a large enough value that the 
resistance of the current source cannot have any effect upon the attenua- 
tion. If an ordinary phone is used for the measurements, its damping 
should be increased artificially, for otherwise the brief pulses will produce 


2.0 


Decibels 
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; hold. 
Fra, 7-33. The effect of duration upon loudness for 800 eps at 40 db above thres x 
The abseissa represents the duration of the tone pulse Sil me as the egi 
logarithm of the fraction 0.1/t) and the ordinate represents the sound pressure relativ 

to that at 0.1 see (also expressed logarithmically). 


ses in sound intensity necessary with brief dura- 
al to those of a comparison tone of 
together with values calculated by 


distortion. The increa 
tions of tone to give loudnesses equ 
0.1 see are represented in Fig. 7-33, 


means of the formula (heavy curve). 5 4 
For brief durations of the pulses the tone passed over into a dull click, 


and the same thing was found for low tones, namely, that a given increase 
in the intensity of the click produced a greater change of NM em 
this increase in the 800-eps pulse. Up to 40 db above threshold these 
variations are not observable. Results for greater loudnesses are given 
in Table 7-3, which shows in the first row the amount of inerease in sound 
pressure required for a pulse of 0.01 sec duration that was equal in loud- 
ness to the indicated increase in sound pressure for a pulse of 0.1 sec 


ier 
| e ntensities above the 40-db level, the 


These results show that, for i : 
shortening of the tone pulse brings out more and more the click character 
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TABLE 7-3 


Duration of 
pulse, sec Equivalent increase in sound pressure, db 


0.01 40 60 80 100 
01 40 57.6 75.7 94.8 


of the tone pulses, and therefore the loudness does not decrease as rapidly 
as the formula indicates. As the tone is transformed into a click its 
loudness is increased. These observations confirm other measurements 
(page 358) of the increase in the loudness of a tone of 10 dynes per sq cm 
as a function of its duration. 


FECHNER’S LAW AND ITS SIGNIFICANCE* 


When there is a gradual increase in stimulus magnitude, as in the 
magnitude of sound applied to the ear, there is a corresponding increase 
in sensory intensity. It was Fechner who developed a method by which 
the relation between these two magnitudes may be worked out. This 
relation is of importance to the physicist because physical magnitudes are 
then given a univocal connection with sensations, and the further investi- 
gation of many psychological questions is made unnecessary. 

Fechner's law will be considered in two parts. The observation that 
stimulus intensity must always be altered by a certain amount in order to 
produce a just-noticeable change of sensory magnitude signifies that 
sensory magnitude can change only in quantum fashion. It was first 
assumed by Fechner, therefore, that the difference limen, which is the 
ratio between the smallest quantum of sensation and its corresponding 
stimulus variation, is determined by the structures of the nervous system 
and cannot be reduced by an effort of attention or by practice. 

3 In the second place, it was assumed that the quantum steps of sensa- 
tion are equal in magnitude throughout the whole sensory range. 

_ If these two statements are valid, then any increase of stimulus inten- 

sity beyond the difference limen will give a corresponding increase of 
sensory magnitude, and the relation between these two supraliminal 
magnitudes can be obtained, because the sensory magnitude is propor- 
tional to the number of just-noticeable differences into which the given 
stimulus intensity can be divided. 
l The correctness of the relation obtained in this way between stimulus 
intensity and sensory intensity cannot ordinarily be subjected to exact 
test, because a sensory intensity, such as loudness, is not scaled and its 
changes can only be estimated in a crude manner. In directional hearing, 
however, the shifting of the sound image out of the median plane presents 
us with a sensory quantity that is directly measurable in centimeters 
(see page 284). Here, therefore, the relation can readily be tested. 


* Article 6 as listed in the Author's Bibliography. Published in 1930. 
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According to the first statement it is possible to derive relations 
concerning the size of the error of observation in loudness comparisons, 
and according to the second statement it is possible to discover the 
dependence of the difference limen for loudness on sound intensity. 
Also Fechner's law can be tested in this process. 

Error of Observation as Dependent upon the Quantum Character of 
Sensory Magnitude. The laws of nerve action can be presented in two 
ways, one macroscopic and the other microscopic. The microscopic 
presentation begins with the faet that during stimulation the individual 
nerve cells respond with brief electrical potentials of practically constant 
amplitude, while the rate of these impulses increases with the stimulus 
intensity. Every stimulus involves a number of nerve cells at any 
moment, and therefore a great many impulses follow one another in the 
series, If we consider the whole group of impulses and their variations 
we have the maeroscopie view, which ought to be derived from the 
behavior of the single cell if this is known. At the present time, however, 
we know relatively little about the interactions of the various cells that 
make up a nerve tract. Accordingly, we must be content with the 
macroscopic form of approach. 

For the determination of relationships of this kind we must make use of 
partieular ideas and concepts that certainly do not correspond to actual 
conditions but still represent a large number of phenomena of the macro- 
scopic category. The situation is similar to one In physies in which 
representing a gas as a compressible fluid gives a series of correet prineiples 
without the necessity of entering into the kinetic theory of gases. 

The following conception is set forth for the sensation of loudness 
produced by a sound. The excitation of the nerve endings on the basilar 
membrane produces an excitatory current whose magnitude may vary in 
a manner that initially is unknown, because it depends upon conditions of 
fatigue and the like. The excitatory current is increasingly effective in 
ells along the basilar membrane from which the 
Then if a new cell is stimulated there is an 
limen is explained. Because the 


its action on the various ¢ 
sensations of loudness arise. 
increase in loudness, and the difference : t 
nerve cells are much alike it seems clear from an anatomical standpoint 
that the loudness of a sound increases by a particular amount whenever a 
new cell is added, regardless of the number of cells already in action. The 
two Fechnerian laws can be derived from this picture. , 

The acoustie situation, especially with regard to loudness, differs from 
that of the other senses, such as vision, in that the difference limen is 
particularly large. Thus in visual measurements the a, vi 
arising in the optical equipment are of the order of magnitude of the 
difference limen, and it can be assumed that the error of observation is à 
composite of many small unrelated errors in accordance with the Gaussian 
law. In acoustic measurements, however, this assumption is not permis- 
sible because here the error of observation is determined solely by the 
difference limen. In general, the physical magnitudes given by the 
acoustic apparatus can be determined with greater precision than the 
difference limen, which for loudness is of the order of 5 per cent. 
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Consequently the error function for loudness measurements can be 
determined from the quantumlike variations of sensation. Consider in 
this relation a comparison of the loudness of two successive tone pulses. 
1f the excitation produced by these two stimuli 
is the same, there will be the same number of 
stimulated cells. If the excitation changes in 
magnitude, as indicated in Fig. 7-34, the 
sensory magnitude will be altered, provided 
that the change is sufficient to involve one cell 
more or one cell less. If a given stimulus 
always produces the same excitation, then, as 
the figure shows, the excitation can be increased 
by A or decreased by D, — A without any 
alteration in the number of stimulated cells. 
Here are two values of stimulus for which the 
loudness remains the same. 

If loudness comparisons are carried out by 
the method of constant stimuli (see above, page 

7 a results like those of Fig. 7-35 are obtained. 
VW ere one stimulus was kept constant and others 
fa were varied from it by certain amounts as 
Fig, 7-34. The quantum indicated on the abscissa. The ordinate shows 
character of excitation, A the percentage of judgments of equality of 
change of A or Da — Adoes loudness. It is clear that in a certain region 
not affect the loudness, these jud EE dandi 
because the number of e Judgments ought to be 100 per cent, an 
excited cells is unaltered, — Outside this region O per cent, giving a 
d rectangular curve as indicated by the dotted 
line. However, the actual curve as shown, which was obtained with a 
tone of 300 eps at 40 db above threshold and an interval between pulses 
of 2.0 sec, departs markedly from the ideal function. 

100 


Aes: Theoretical 


Percentage of equal 
judgments 
uo 
o 


-15 -10 -5 [7 +5 E — 
Fie. 7-3 Intensity change, percent > *0 
‘1G. 7-35. Theoretical (dotted rectangle) and actual distributi A "A 
i i f tion of equal judgmen 
as a function of the difference of intensity between standi 5 i timuli. 
The standard was 300 cps at 40 db above threshold. eae oomiparioon:* 


It is first to be noted that at no point does the actual curve reach 100 
per cent. This happens because the excitation produced by a given 
stimulus is subject to considerable alteration from time to time. Such 
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alterations result from a sinking of the persisting trace as conceived by 
Köhler (3) through temporally varying fatigue, or other things such as 
variations of the ever-present sound of the circulatory pulse in many 
persons. 

All the disturbances cause the magnitude of the excitatory difference 
between two successive stimuli to be increased or decreased in an irregular 
manner, and therefore the steep course of the rectangular curve is 
flattened out. If the variations of the excitatory change are larger than 
the difference limen, there will often be perceptible changes in loudness 
that should not otherwise appear, and the number of equal judgments will 
fall below 100 per cent. 


Rondomizing 
switch ‚Rondomizing switch 


ireui i es in i i cession. 
Fra. 7-36. Circuit for presenting pulses in immediate suc 


To avoid these temporal variations, the tone pulses to be ieu 
can be presented in immediate succession. The cireuit used for this 
Pose is shown in Fig. 7-36. A phone was placed in a bridge m so tha 
When switch U, was closed the phone current was controlled M — 
ator by. If a little later U, also was closed, this current was Sone 
or decreased according to the phase of the current in bs. bs * eh 
when U, was opened, the phone current was stopped. For mo er A ou : 
nesses the duration of the tone was chosen as 0.3 sec. The dura ion o 
the second tone of a different intensity was also 0.3 sec. Ls dv 
arising when U, was switched in, which varies with the size o p San 
in intensity, was filtered out by placing the phone in à > ai p À 
This cireuit was tuned to the frequency of the tone so t » - effective 
resistance in the bridge circuit, together with that of $ e opa p 
balanced by the resistance Æ. This balancing was done by n pones 
U: and placing a second phone at points a and a’, and then adjusting for 
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a minimum of tone. Then when the damping was sufficiently great in 
the attenuators their two eurrents could be superimposed in the phone 
without transients. 

The various changes of sound intensity could be presented by means of 
a potentiometer and a randomizing switch, as already described (page 
212). This procedure ensures an exploration of the extreme ends of the 
error curve. 

The two switches U, and U, were operated automatically after a 
button was pressed. When it was ascertained that there was a change of 
loudness during the presentation of the tone, the two randomizing 
switches were advanced a step further, and then a reading was taken of 
the magnitude and direction of the observation. The data were recorded 
on a moving paper tape. After about five hundred presentations & 
calculation was made of the percentages of no loudness change for cach 
step. 

Enough time must be interposed between the different series of 
observations so that after many repetitions the subject will not grow 
accustomed to the appearance of a certain loudness change at one posi- 
tion in the series and then anticipate it. Hence it is preferable for a 
subject to take the attitude of not expecting any loudness change, and 
then to report one when it nevertheless appears. Whether there is an 
increase or a decrease in loudness is not considered, because this involves 
a further cognitive process that is unnecessarily trying and prevents the 
direction of full attention on whether a change has occurred. 

These arrangements make it possible for the changes of intensity 
to produce entirely regular charges of excitation, so that a particular 
loudness change corresponding to an excitation of zero gives 100 per cent 
of equal judgments. These intensity changes, about which the judg- 
ments are symmetrically distributed, are mostly negative. The reason 
is that the duration of the tones, which was chosen as 0.3 sec, does not 
allow the loudness of the tones to attain their full value, especially when 
the tones are weak. Thus the loudness tends to be perceived as remain- 
ing constant rather than as increasing. ‘This effect would be larger with 
still briefer tones. i 

T hough it seems reasonable to assume that a particular change of 
excitation always corresponds to a given loudness change, it nevertheless 
is found that even though the first tone pulse was kept at a constant 
intensity there was a continual change in the absolute magnitude of the 
excitation from one comparison to another, 

Therefore, as Fig. 7-34 shows, an increase in excitation of A was not 
always sufficient, for the amount necessary to give a loudness change 
varied with the level of excitation and might even be less than A if the 
level at the moment was at the upper end of a cell. 

If we assume that the excitation level D, — A can take all possible 
values with equal probability, then an increase of excitation of A wil 
give a number of judgments of no change that is proportional to Da — 4 
and a number of possible judgments proportional to D,. Hence the 
probability that an excitation change of A will not alter the apparent 
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equality of loudness is w = 1 — A/D,. Here the absolute value of A lies 
between the limits 0 < |A| < D.. 

If A > Da, there will always be an increase in loudness, so that for this 
condition the probability will always be zero. The same considerations 
hold for negative values of excitation, for then the sign of D, is simply 
reversed. Thus instead of the rectangle of Fig. 7-35 we obtain for the 
error eurve a triangle whose apex is at 0 and that attains a value of 100 
per cent at w = 1, while the base of the triangle has a length on the 
abscissa of two difference limens. 
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Fic. 7-37. Distribution of judgments for practiced subjects. 


100 


Percentage of equal 
judgments 
uo 
eo 


0 
Intensity chonge, per cent 
Fro, 7-38. Distribution of judgments for certain highly practiced subjects. 


cts the error curve 
to time. After a 
ully reproducible 


The experiments showed that with unpracticed subje 
at the beginning included large variations from time 
air amount of practice, however, the results became f 
and adhered closely to the form shown in Fig. 7-37. : 

After further practice of about a month noe of ne gave a 
curve like that of Fig. 7-38, which agrees with the calcu/auom. 3 

We might ph that an error curve like that of Fig. 7-37 arises 
because in the various observations the variations in the absolute magni- 
tude of the excitation are smaller than the difference limen and so remain 
in the middle part of the rectangular form of the error eurve. However, 
this is not the case. When the loudness was made so great that the 
difference limen always remained constant, as it does at 40 db above 
threshold, it was possible to vary the voltage of the oscillator of Fig. e 
"p and down in an irregular manner about the original value, and by 
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amounts larger than the difference limen, without producing any altera- 
tion in the form of the error curve. Yet this procedure must have caused 
large variations in the magnitude. 

The curve of error is based upon the fact that in subjects that are not 
well practiced the excitation must involve at least two additional cells 
before any change is perceived. They do not experience any alteration of 
loudness when the change is smaller than the difference limen. There- 
fore the probability remains constant at 100 per cent, and then when the 
change has a value between one difference limen and double this amount 
the error curve falls along a straight line like that found for the trian gular 
function. This form holds for an increase and also for a decrease of 
excitation, and therefore the triangle expands on both sides so as to have 
two D,’s as its top and four D,’s as its base. If throughout the series of 
measurements the steps of the stimuli are kept constant, the area of the 
error curve, which is proportional to the total number of equal judgments, 
is increased threefold relative to the triangular form, 

This alteration of the triangular form to a trapezoid occurs also in 
practiced subjects if some sort of external disturbance prevents them 
from giving the loudness changes their full attention, and also when the 
loudness is greatly diminished. Thus in a particular subject the tri- 
angular form was maintained when the loudness was dropped to 22 db 
above threshold, whereas at 20 db above threshold the loudness decrease 
could only be perceived when it exceeded the previous value of the 
difference limen, which caused the error curve to be extended on its 
negative side. Finally when the loudness was reduced to 18 db above 
threshold the trapezoidal form of curve, shown in Fig. 7-37, was obtained. 

With many subjects there occurred in the course of the observations 
an involuntary shift to the insensitive condition. That such a shift has 
taken place could be proved by the fact that during the observations two 
different sizes of loudness change could be discriminated, but now the 
smaller of these was not perceived. It was then advisable to interrupt 
the observations for a few moments, after which the usual condition was 
restored. 

Ordinarily an attempt was made to increase the precision of the 
measurements by repeating every observation at least twice and recording 
the judgment only if equality was perceived both times. If w is the 
probability that a difference of sound intensity A will not be perceived as 
a loudness difference, then the probability that this observation will be 
made twice is w*. Then the error curve for a practiced subject will give 


In Fig. 7-39 the broken curve shows the calculated values and the 
points represent the observations. At the same time the number of equal 
judgments declined to two-thirds, so that the repetition of observations 
gave a material improvement in the precision. For some subjects; 
however, for whom the curve of error had a trapezoidal form, there was 
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no reduction of the number of equal judgments in the middle region even 
when the observations were repeated. For them there was a variation 
only at the edges of the trapezoid, where there was a steep drop instead 
of a straight line, as Eq. (7-1) indicates. For these subjects, therefore, 
this procedure did not improve the precision to any significant degree. 

If a loudness comparison between two tones is carried out by switching 
from one tone to a second and then back to the first, it is necessary to 
consider that along with the reversal of the order of the comparison there 
is a reversal of the direction of the shifting of the error curve from the 
mid-line A = 0, as shown in Fig. 7-38, so that for each half of the observa- 
tions an error curve is obtained that is symmetrical about A = 0. These 
two together give the final error curve. It is then clear that when the 
error curve is of the triangular form it is considerably flattened at its 
apex, and also the 100 per cent value will no longer be obtained. 


100 A^. 
4, 


Percentage of equal 
judgments 
ao 
o 


0 
Intensity change, percent 
Fro. 7-39. Distribution obtained when the requirement is made that two successive 
judgments of the same stimulus pair must agree. 


Equality of Just-noticeable Loudness Differences over the Here 
Sensory Scale. It is now important to establish that it is not the size 
of the difference limen itself that determines the magnitude of sensation, 
but the number of cells set in excitation. Thus a shift of ae 
might be produced by a preliminary signal of a ecd em no 
usual one, can produce a significant increase in the size o ky iffere p 
limen. "his ean happen even when there is no alteration in the > 
loudness. If the loudness were proportional to the number H r ? into 
Which the intensity of the tone can be divided, then there ought to be an 
alteration in the loudness at the same time. L i X 

To study this point further, a battery was placed in e m c 
Phone of Fig. 7-36 so that when a switch U, was closed a clic cai 
duced, making the loudness changes more difficult to — dum 
clearly be noted as the disturbing noise is made stronger t ^ a E 
With the triangular form of error curve fails to perceive “ars - con 
changes of loudness and reports only the larger ones, pits e weake 
clicks do not produce any variations in the loudness of these ras i 

Also, if loudness was determined directly by the difference bn: ie 
threshold stimulus would always seem of the same ar s in : 
intensity is increased the threshold is always the first Da. is we 
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known, however, that in a completely quiet room where the subject can 
only hear his own pulse, it is possible to observe changes in the loudness of 
the threshold stimulus as time goes on, for weaker and weaker tones 
come to be perceptible. 

Often there is no alteration in the character of a tone as the threshold 
is approached. Then the sensation of pitch vanishes simultaneously 
with the sensation of loudness, Under certain conditions, however, as 
with enhanced attentiveness, the threshold of intensity lies considerably 
below the threshold of pitch. Then there is no true perception of sound, 
but only an impression that a stimulus is present. 

Therefore it seems likely that at the threshold a number of cells are in 
action, and this number can be reduced only by a special intensification 
of attention. 

On the assumption that the difference limen depends upon the sound 
intensity, it can be supposed that the number of excited cells must be 
altered sometimes by one, and at other times by two, so as to produce a 
change in sensory magnitude. This relation will be highly irregular 
unless the two attentional attitudes are kept distinct throughout the 
measurements, If care is not taken about this effect of attention, then 
there can be diversions of attention in the course of the observations as à 
result of such things as external distractions for the weaker stimuli and 
the incidence of pain for the very strong stimuli. Accordingly, the differ- 
ence limen will vary greatly as the sound intensity is either decreased or 
strongly increased. Especially for practiced subjects, who for moderate 
sound intensities are able to perceive a change of a single cell in the group 
stimulated, these variations are common. For the unpracticed subject, 
who requires changes of at least two cells, the attentional set remains 
constant over most of the intensity region. 

From these considerations it is at once apparent that Fechner’s second 
law holds true only in the region of intensity where attention does not 
change. Hence the difference limen always represents a constant change 
in the number of excited cells. The failure to appreciate this limitation is 
responsible for the many divergent opinions expressed in the literature 
about the validity of Fechner’s law. In order to demonstrate the 
serviceability of this law, the dependence of the difference limen for 
intensity upon sound intensity will be worked out. 

It is well known that the maximum pressure gradient operating on the 
nerve endings of the basilar membrane through the action of a sound is 
proportional to the sound pressure. Hence, according to the theory of 
herve excitation (page 232), the changes of concentration at the cell wall 
are likewise proportional to the pressure, provided that the sound action 
is not too prolonged. Lehmann is to be credited with the valuable 
suggestion that according to electrolytic theory the changes of concentra- 
tion give rise to a potential difference that excites the nerve fibers. The 
magnitude of the excitation increases with nearly constant amplitude 50 
that a number of cells are excited in proportion to the stimulus intensity 
and hence also the potential difference. Thus according to the results 
obtained on the increase of loudness caused by the simultaneous presenta- 
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tion of two tones of different frequency, the sensory magnitude along the 
basilar membrane is determined by the maximum value of the potential 
difference, 

Let us represent the sound pressure by J and use aJ to represent the 
increase in concentration arising at a region of the cell wall as a result of a 
pressure gradient. Then aJ can be used as a measure of sensory magni- 
tude. Let c be the concentration preceding the action of the sound, which 
will remain constant over the greater portion of the cell wall for tones of 
brief duration, Then the potential difference arising between the two 
portions of the cell wall, according to the theory of concentration series, 
is given by the logarithm of the concentration ratio (e+aJ/)/e. Then 
the excitation is given by 


E = blog. (1 + %) (7-2) 


where b and a/c are constants, and the duration of the action of the sound 
is kept constant. , 

This equation was derived by en twenty-five py ago —— 
any knowledge of Nernst's theory of nerve excitation. represents a 
the present time the best-established form of the Weber-Fechner law, and 
will be given especially close consideration. A ù : 

The difference limen, aecording to the principles given above, is 
determined by the change of stimulation by which the number of excited 
cells is altered. Let us say that the alteration is by a single cell. Begin- 
ning at a point 10 or 12 db above threshold, this situation corresponds to a 
constant excitatory change 2 uo T3 ros | change of 
intensity AJ/J can be calcula’ . (7-2). 

For two successive clicks, Lehmann has already calculated the threshold 
as obtained by the method of limits. According to this method, the 
Second click is made larger until it clearly appears louder. Because under 
these conditions the sinking of the trace of the first click plays an impor- 
tant role, it is necessary to derive a special theory for the sinking in order 
to be able to calculate the difference limen. — . , y 

This serious complication can be avoided if the difference limen is 
obtained by the method of constant stimuli or by the method used by 
Knudsen (1). Knudsen introduced amplitude variations into i 
tinuous tone and enlarged these until they became perceptible. Under 
these conditions the sinking of the trace is of no importance, and Eq. (7-2) 
gives directly the value of the constant AF, as 


LSU E AJ) 
AE = b log, —  —— 
‚Iched 


Whereu ion gives AJ/J = kı + ks/J, where kı and kz are 
éonstsnis,. ie the duration of the variation of 
the tone be kept constant. 
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If J is small, i.e., if the sound intensity is raised from zero until a 
difference in sensory magnitude is obtained, then AJ agrees with the 
auditory threshold Jo, and we have Jo = ke. On the other hand, if J is 
significantly larger than threshold, then as J increases, the difference 
limen approaches a constant value that must be determined from the 
measurements, and then A//I = kı. The difference limen therefore 
depends upon the stimulus intensity as indicated by the formula 


AJ 

J 

The observed and calculated values of the difference limen reported by 
Knudsen (1) are given in Fig. 7-40. The threshold Jo, which may be 


-h 
S 


Difference limen 


s | 
0.00! 0.064 41 262 
Dynes per sq cm 


Fic. 7-40. Knudsen's results on the difference limen for intensity as a funetion. of 
sound pressure. The dotted curves are calculated. 


called the “absolute threshold,” was calculated from the point to the 
extreme left, and its intensity was found to be 19 db below the observe 
point for a tone of 1000 eps. A direct measurement of the nor 
threshold gave a value 6 db below the observed point as shown on the 
extreme left. If in the determinations of the difference limen the strength 
of excitation is altered by just one cell, it appears that at the nor 
threshold there is an excitation of about five cells. 

If we consider that the curve is drawn on the basis of only two points of 
observation, then the agreement between the calculated and measure 
values is a good confirmation of the theory. Note in this connection that 
the variations for 1000 and 200 eps are in opposite directions and are sti 
smaller for a third series of measurements that have not been shown. 
i a small part of the variation is to be ascribed to the nonlinearity 
the ear. 
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The correctness of Eq. (7-2) is further substantiated. It gives a nearly 
logarithmic increase of loudness as a function of intensity when the 
duration of stimulation is kept constant. 

'The same considerations hold for the sense of pressure on the skin, 


which has also been studied by Knudsen (2). 


7-41 shows the extent to which the 
amplitude / of a vibrating body of 
a frequency of 128 eps must be 
altered so as to produce a noticeable 
change of vibratory intensity on the 
finger tip. The broken curve has 
been calculated from the two ter- 
minal points. Here it is evident, 
as in hearing, that the absolute 
threshold for vibratory sensitivity 
lies about 12 db below the measured 
value shown on the extreme left. 


The solid curve of Fig. 


Difference limen 


12 24 36 48 
Decibels obove threshold 

Fig. 7-41. Difference limens for vibra- 
tions on the skin. 


There is a striking similarity between the difference limens for the two 
senses. This evidently is due to the fact that the ear has developed from 


the tactual organs. 


The closeness of this relation between hearing and 


touch can be appreciated from the fact that it is possible to attribute a 
particular tonal loudness to every magnitude of vibration on the finger 
tip. This is especially easy to do if the two frequencies are fairly elose 


Fro. 7-42. Circuit for the com 


together. 


Nating current. 


No such arrangements can b 
the eye and the ear; a reproducible arrange 
hesses does not seem to be possible. 
For carrying out this comparison 
the circuit of Fig. 7-42 was employed. - 
Means of the coil of an electrodynamie spea 
ridge circuit so that a direct current was sup 
This current served to main 


^s The vibrations were produced by 


parison of tonal and taetual intensities. 


e drawn up for other senses, like 
ment of brightnesses and loud- 


f auditory and tactual intensities, 
ker, which was placed in a 


erimposed upon an alter- 
tain the uniform pressure of 
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the vibratory body K, which was supported in the proper position on the 
skin by a number of thin rubber bands. When the finger tip was placed 
on the plate P, it was only necessary to adjust the attenuators b; and bs 
in order to obtain equal intensities of the successive pulses of vibration 
and tone. By the method of limits the measurements were repeatable 
within 30 per cent, and it was possible to show that equally intense pulses 
of vibration and tone are still perceived as equal if both are changed in 
amplitude by the same factor. It follows that the excitatory processes 
are the same for the two senses. 

Fechner’s Law in Directional Hearing. ‘Two successive clicks were 
found to be unsuitable for determination of the locus of the sound image 
along the rectilinear pathway (see below, page 279). This was true 
because at the beginning of the observations there was always a certain 
direction or bias to the attention, and so there was a shifting in the 


Fro. 7-43. Arrangement for determining the thresholds of displacement of a sound 
image. 


position of the first image of the click on account of wandering of the 
attention. It was more satisfactory to use a rapid series of clicks or à 
noise lasting about 0.2 see, which suddenly changed its direction, remained 
for 0.2 sec, and then disappeared. A suitable circuit for this study is 
shown in Fig. 7-43. 

The series of clicks was presented by means of a 50-cps interrupter 
which charged a condenser C through the attenuators and discharged 
through the resistance R. The automatic switches U, and U2 first 
actuated phones F, and Fs and immediately thereafter Fs and Fa. As Pi 
and F, had different tube lengths, there appeared a displacement of the 
sound image. Switches S; and S; served to give the correct polarity of 
the speakers and an equality of loudness for right and left ears, which it 
was necessary to maintain for both sound images. 

The arrangement shown in Fig. 7-44 was used for fine adjustments of 
the tube length of F, without knowledge on the part of the subject. 
Tube A, was made to slide over Rs R, terminated at one end in the 
phone F, and bore at the other end a wooden cylinder on whose surface 
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were a number of projections variously placed. If Rı was displaced to 
the left, one of the projections struck the stop G and prevented Rı from 
moving any farther. Thus the tube lengths to which R, and R could be 
adjusted were determined by the position along the cylinder at which 
the projection was located. In this way various time differences were 
obtained. 

The observations were made by shifting tube R; all the way to the left, 
observing the displacement of the sound image by operating interrupter 
Ui, and then pulling R, all the way to the right and rotating one notch so 
that the tube length that had been used could be read on the scale. This 
length was recorded along with the observed displacement of the image. 
When R, was returned to its left position, the next projection came 
against the stop, and a further observation could be made. 

There is an important difference between the difference thresholds for 
directional hearing and for loudness. In the observation of the loudness 


changes between two successive tone pulses it was found on repetition of 
the observations that the magnitude of the tonal excitation underwent 


extensive variations from one time to another. Hence it seems bes x 
excitatory changes take place in continually different groups : cells. 
ese variations in the total magnitude of the excitation give to pe PE 
curve a triangular form. On the other hand, in certain subjects ps just 
hoticeable displacements of the sound image indicate small m Codi 
the time differences, due to variations over a period of time P t ones y 
of nerve conduction, Because a repetition of observations = most a wi 
brings in the same cells to the same pos ; les results produce an e 
“uve that approaches the ideal rectangular form. =, 
‘ It must also be considered that the difference limen in en 
Ng is a function of the sharpness of the sound image. a » 
istinct contours can exhibit much smaller displacements er A ct 
fuzzy at the edges, Here the same conditions operate as for the di 
imen for tonal frec a : 
1 jueney. : me 
A determination was made of the difference cipe id Hi cis 
e 9f the sound image from the er er ^ un er 
ntiway. The course of the function is shown in Fig. 7-45 rie 
x Whose intensity was 40 db above ers a BEE ind Quo 
Werence limen remains constant up to t TS nw 
thy nd it rises suddenly to a value three times rege e 
*5 value to the farthest position of the image. At first these obs 


252 THE PSYCHOLOGY OF HEARING 


tions were extremely difficult to carry out. They were disturbed by the 
fact that the small displacements could not be placed in a central position 
as is usual for sound sources in ordinary listening. Therefore as the 
displacements of the image went off center there was a slight increase in 
the magnitude of the difference limen. A few days of practice were 
sufficient to cause these effects to disappear and to permit the subjects 
to judge small displacements on one side of the head with the same 
accuracy as in the mid-line. 

Because the sound image maintains its sharp contours over the whole 
extent of the rectilinear pathway, the results shown in Fig. 7-45 represent 
an excellent confirmation of Fechner’s law. Actually the displacements 
of the image from the mid-line as observed are proportional to the time 
differences obtained by a summation of the constant difference limens. 


25 


Displacement threshold, cm 


0 


3 10 - 120 30 40 
Time difference in terms of tube length, cm 


Fia. 7-45. Displacements of the sound image from the mid-line as a function of time 
differences, 


As is well known, there is an unsteadiness in the displacements of the 
image when the time difference At = k, and the same is true for the 
difference limen. 

It is further to be seen in Fig. 7-45 that for certain subjects a change in 
the time difference by 0.66 em of tube length produced a change in the 
position of the image. This position from the mid-line up to the break 
point, where a time difference of 21.0 em was attained gave an extent 
over which 21.0/0.66 = 32 spatially distinct image positions could be 
distinguished. From the break point up to the most lateral position 
there were 9 additional positions. Thus there were 80 anterior positions 
that could be recognized in response to a single noise. 

The validity of Fechner’s law for image displacements along the 
rectilinear pathway will again be investigated when the displacements 
are produced by unilateral variations of sound intensity. As will be 


shown, the displacements of the image from the mid-line are given by 
the equation 


25 _ S/s — 1 7-3) 
E (1 + c) Seri (7 
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This equation holds for those subjects for whom the Hornbostel- 
Wertheimer constant k varies but slightly with sound intensity. Here 
S/s is an increase of sound intensity in one ear following an equating of 
the loudness in the two ears, c is the constant of angular increase, and 
ö/k is the observed displacement relative to the displacement at the 
break point. If this equation is differentiated for S/s we obtain 


We o 
If on the right side of this equation we insert the values c = 0.30 and 


dà/k = 0.63/22, obtained as variations of time differences in the measure- 
ments of difference limens in a special case, then we obtain S/s = 1. 
Thus a sound image in the mid-line must have its intensity changed on 
one side by 8.7 per cent to give a displacement of the image that is of the 
Same size ns a just-perceptible displacement produced by varying the 
time difference. At the same time this subject could perceive loudness 
changes of 15 per cent on listening to the same sound in one ear. More- 
Over, in directional hearing a displacement of the image could only be 
Observed for these changes of intensity. , 

It was further found that the smallest perceptible changes of time 
difference always gave an image displacement of about 3 mm, whereas 
the smallest perceptible unilateral changes of intensity gave displace- 
ments of about twice this amount. ! ae ! 

Thus it is evident that a unilateral change in intensity giving a just- 
Perceptible displacement of the image is not determined by the least- 
Perceptible image displacement but rather is due to the fact that the 
auditory nerve fibers mediate only changes of sound intensity that attain 
the magnitude of the difference limen for loudness. — Therefore these 
Changes are considerably greater than the above equation indicates. 

The difference limen for amplitude is larger than the formula indicates, 
hot only in the mid portion of the sound pathway but also for the buit 
Unilateral changes of intensity that have been considered here, w id 

OW as much as a fourfold inerease or decrease over those in the € 
Tegion. Thus along the entire rectilinear pathway the m e 

placements of the image are determined by the difference limen for 
CO, ` 

hen sound intensities beyond 40 d ; à t 
this difference limen ire independent of intensity. ee. 
Constant value, irrespective of the image position, was obtained for es 
Percentage change of unilateral intensity for which there eie a “veal 
Perceptible displacement along the rectilinear pathway. This E 
Tepresents the difference limen for amplitude changes in — i : 
Melear. The data given in Table 7-4 show this relation " ES 
exactness. The difference limen for amplitude was "r bs oi s 
because the two noise pulses that were being compared totoweć o 


‘Nother immediately. 


above threshold were employed, 
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TABLE 7-4 
Necessary percentage 

S/s change in S/s 
Unilateral threshold 15.2 

0.25 15.8 

0.5 15.0 

1.0 15.5 

2.0 15.1 

4.0 15.4 


The results do not verify Eq. (7-4), despite the fact that Eq. (7-3) is 
correct for certain subjeets. It seems, therefore, that Fechner's second 
law does not hold for an image displacement produced by a unilateral 
change of intensity. Also the image displacement cannot be regarded as 
a summation of difference limens. It is particularly clear that the nature 
of the image displacement for progressively larger unilateral changes of 
intensity is entirely different for subjects for whom the Hornbostel- 
Wertheimer constant holds than for other subjects for whom this constant 
varies with sound intensity. This is true even though the difference 
limen along the entire sound pathway remains constant and has the same 
value for these two classes of subjects. 

Thus if Fechner's law is to be valid it is necessary that the excitation 
not be mediated by an intervening process representing a quantumlike 
rise in excitation for which the quanta are larger than the difference limen 
of the end organ. Then we could no longer suppose that the sensory 
magnitude increases an equal amount whenever the stimulation is 
increased by one difference limen. 

Because the presence of one or more intervening processes is highly 
probable in a large number of sensory mechanisms, we cannot regard 
Fechner's law as universally valid. 

Besides the displacement of the sound image along the rectilinear 
pathway, there are still other sensory effects whose magnitudes can be 
quantified. Examples are the impression of the distance of a sound 
source and the perception of the direction of a sound heard with one ear. 
For these it likewise may be shown that Fechner's law does not hol 
without modification. 

Significance of Fechner's Law for Frequency Analysis. The loga- 
rithmie relation between a pressure stimulus and excitation brings about 
a significant reduction in the sharpness of stimulation along the basilar 
membrane in the region of resonance. Let us consider Helmholtz's 
resonance theory and caleulate the damping of the cochlear resonators 
from the rapidity of trills, neglecting any action time of the nerve fibers. 
These results give a logarithmic decrement ð = 0.1. A smaller value 
cannot be accepted, for then the transients of onset would be too large- 
In Fig. 7-46 the broken curve shows the vibratory amplitudes A cor- 
responding to different degrees of tuning w/w, expressed as ratios to the 
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amplitude of resonance Ao. If we consider a tone whose intensity is 
80 db above the absolute threshold, and thus for 100 eps is of about the 
level of normal speech, then Eq. (7-2) gives the distribution of excitation. 
This distribution is represented by the solid curve of Fig. 7-46 for E/k. 
Here it is assumed that on account of the spatial distribution of stimula- 
tion of the various nerve cells the concentration changes produced by the 
pressure gradient are independent of one another. Also the law of 
contrast operating for the various nerve fibers is left out of account. If 
the peak of this curve is taken as a resonance curve, then the logarithmic 
decrement must be more than six times larger than the value given above. 


1.00 


0.75 


ENS 


0.50 


025 


0 2081 5772. 
Stopes Helicotrema 
Á ae 
i long the basilar membrane accord 
de i represents relative ampli- 
ithmie decrement is taken as 0.1. 
plitudes along the basilar 


e 7-46. Theoretical distribution of amp 
n E to the resonance theory of hearing. The 
udes for different degrees of tuning, when the logar 
© solid line represents the logarithm of the vibratory am 
Membrane for the resonance theory. 


with a frequency difference 
the maximum amplitude of 
as indicated in the figure by 


If two tones are presented simultaneously 
of 30 per cent, such as 1000 and 1300 eps, 
Vibration is the sum of the two amplitudes, 


€ broken curve, 

It is obvious that even a damping of 9 = 0.1 for the oscar zoe 
Would not be small enough in consideration of the Mision». d simul- 
stimulus and excitation, because the two tones when an Id not be 
taneously seem like completely separate sensations, whic yonl Thus 
“pected from the extensive overlapping of the excitation curvos. 


tis necessary for the Helmholtz resonance theory to geet al 
ect in its explanation of the resolving power of the on ani excitation 
Sary inasmuch as a proportional relation between stimu 2 ei 
ennot be demonstrated, though such a relation is tacitly 


most, considerations of auditory theory. 
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In the curves of Fig. 7-46 it was assumed that the pressure variations 
arising along the basilar membrane as a result of the movements of the 
stapes are constant over the entire extent of this membrane. The actual 
positions of the basilar membrane and the stapes are represented in Fig. 
7-47c, and under these conditions the pressure variations are propagated 
up to the point of resonance of the membrane without appreciable loss. 
'This is true because only at the resonance point and in the more lax 
regions beyond it is there any yielding of the membrane. ‘Therefore a 
steeper decline appears only on the right side of the curve of Fig. 7-40. 
On the left side of the curve the regular form is maintained, so that even 
for a part of the membrane whose natural frequency wo is considerably 
higher than the stimulating frequency w, there is an excitation that is 
about half as large as that at the resonance point. 

Let us suppose that the main stimulus to the nerve endings is not the 
rapid variations of pressure but a steady pressure produced by eddies in 


Sa” 


(a) (e) 
Fra. 7-47. Possible relative positions of the stapes and basilar membrane 


the fluid (see page 420). Then the eddies can produce considerably larger 
concentration changes in the nerve cells during the action of a tone than a 
sinusoidal pressure variation of the same maximum value, and hence 
provide more effective conditions. The eddy pressure extends only over 
an extremely narrow region of the basilar membrane and falls away to 
zero on both sides in symmetrical fashion, Hence the curve of excitation 
falls off steeply in the regions of the membrane that are tuned to the high 
frequencies, as is to be expected according to the Helmholtz theory. 

Fatigue phenomena also are favorable to the eddy theory. The 
fatigue phenomena represent a neural process, Therefore we should 
expect from the results shown in Fig. 7-46 that a fatiguing of the ear by à 
continuous tone would not only bring about a weakening of the tone of the 
same frequency but also of higher tones. However, the observations did 
not support this expectation. j 

Still to be discussed in this connection is the fact that an excitation of 
the nerve endings by a steady eddy pressure rather than by pressure 
variations is likewise independent of the phase relations of the individual 
tones. Despite the relatively large viseosity provided by the cochlear 
duct, the different vibrations of the basilar membrane are simply additive 
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without distortion, and so also are the eddy movements that take place 
in the much less viscous fluid of the scalae. Accordingly, every tone can 
i up a pair of eddies in complete independence of others. Its eddies 

en combine with the eddies produced by another tone if the frequencies 
of the two tones are close together. 

In this connection it should be mentioned further that among all the 
mne inl arrangements between the stapes and the basilar mem- 
4 ^ t le! me t hat actually exists is the most effective for the stimulation 
coe ^ gan of Corti, as may be seen in Fig. 7-47. The other two pos- 
er in shown as a and b in this figure, produce almost no pressure 
on s en on the two sides of the basilar membrane, because the pressures 
Es a ized over the broadest portions of the membrane where the 
ne y of the membrane provides the least resistance to the fluid 
oe l'herefore the stiffer portions of the membrane will be set in 
3 : ‘ion only to a slight extent. With arrangement c, on the other 

and, the pressure waves produced by the stapes, after having been 


onsiderably reduced in magnitude at the region of resonance, will affect 
ore the vibratory magnitude 


uw more yielding of those regions. Theref m d 
xn region of resonance will not be impaired. Moreover, it is only in 
= ition c that a simple type of protection against overstimulation by a 

rect pressure difference can be provided by the helicotrema without a 


Serious loss of sensitivity. 


LOW-FREQUENCY THRESHOLDS FOR HEARING AND FEELING* 


» Measurements of the auditory threshold for low frequencies were made 
3 ; means of a thermophone as already described (page 66). This 
iN rument produced tones by the beating of two alternating currents. 
sti ones capsule was connected with a short tube, one end of 
: ich was sealed into the external auditory meatus by means of a rubber 
ing and petroleum jelly, and the other end of which was fitted with a 
membrane manometer. The thermophone and its electrical leads were 
Made as light as possible so as to follow the movements of the head with- 
Out setting up any extraneous pressures in the meatus. After the 


thermophone current had been adjusted to the threshold value, a biting 
on. ‘Then the sound 


board was used to keep the head in a fixed positi 
Amplitude could be determined by means of a light beam reflected from a 


m 
rhe on the membrane of the manometer. 
or the most part, a rubber membrane was used whose natural fre- 
phically recording the 


qu 2 " 
Iueney and damping were measured by photogra 
ion of frequency was pre- 


vi fi 
vibrations produced by a click. Hence the reg! 
‘isely known for which the static calibration of the membrane manometer 


Continued to | ] sensitivity of the Rnomoter mould be 
a o hold true. The ld be measured directly at 


Tals 3.» 

Deed sufficiently so that sound pressures cou 1 c 
e eardrum for a 50-cps tone at threshold. For higher frequencies the 

Sound pressure was measured with the manometer at greater intensities, 


* Article 23 as listed in the Author's Bibliography- Published in 1936. 
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and then the thermophone eurrent was reduced to whatever extent was 
necessary. 

As a control, measurements were made also with a pump or piston- 
phone. Ashort T tube was connected to the ear, with one branch leading 
to the membrane manometer and the other branch connected through an 
acoustic filter to the pistonphone. The intensity was adjusted by a 
proper choice of the stroke of the piston and by varying a clamp on a 
cotton-filled rubber tube between the pistonphone and the filter. If 
mercury is used in the fluid filter as described earlier (page 60), a scum of 
oxide often forms on its surface after it stands for a time, and then a noise 
may be produced by its movements against the glass walls. This dis- 
turbance may be avoided by covering the mercury with a drop of alcohol. 


0.20 039 078 1.5 31 625125 25 50 100 200 400 800 1600 3200 
Frequency, cps 


Fig, 7-48. Thresholds for various sensations aroused by low tones. 


Results of threshold measurements on one ear are given by the lower- 
most curve of Fig. 7-48. The abscissa represents frequency and the 
ordinate the sound pressure at the eardrum. The values above 100 cps 
are taken from the observations made by Waetzmann (7) and Geffcken, 
and are in good agreement with the present measurements. Threshold 
measurements below 20 eps have been made by Brecher by means of a 
piston membrane driven by an eccentric. His results, as compared with 
those of Fig. 7-48, showed a somewhat more rapid increase in the threshold 
values as the frequency was reduced. 

For frequencies above 20 eps the sensation in the region of the threshold 
was always one of a pure tone. When the frequency was reduced to 
10 eps, however, the threshold stimulus in uniaural listening gave sensa- 
tions of touch referred to the ear rather than sounds. In order to deter- 
mine whether these touch sensations were mediated by the pressure 
nerves of the ear or by the auditory nerve, the phenomenon of directional 
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hearing was utilized. When two exactly symmetrical points on the skin 
of the head, as for example two points at the entrance to the external 
meatus, were stimulated simultaneously, it was difficult to fuse them into 
one. Instead, they were separately localized at the two ears. On the 
other hand, two auditory sensations were automatically fused to a single 
impression. If in one ear the 10-cps stimulus was held constant and in 
the other ear it was gradually increased from a low level, it was possible 
to observe first the masking of the taetual sensation in this ear, and then, 
as the loudness became equal in the two ears, the appearance of a pure 
auditory sensation which was localized in the mid-line of the head. Then 
when the loudness became unequal the sound was displaced toward one 
side. It is clear that at very low frequencies there is a close similarity 
between auditory and tactual sensations. 

If the loudness in the two ears was kept equal and the stimulus magni- 
tude was increased further, an effective pressure of about 2000 dynes per 
sq cm gave an auditory sensation in the mid-line of the head and also a 
tactual sensation in each ear. The tactual sensation in one ear was 
unaffected by variations of the stimulus in the other ear. It was truly 
à sensation of pressure. In Fig. 7-48 are shown the threshold values of 
these two kinds of sensation. For frequencies below 1 eps, as the 
intensity was raised from zero, the first sensation was one of touch, and 
only later did the auditory effect appear. Yet the directional phenome- 
non made it possible to separate these two and also to follow the tactual 
effect for a little way beyond its threshold. 

For frequencies below 10 eps the slope of the threshold curve decreases, 
because when the sound pressures reach a magnitude of about 10,000 
dynes per sq em overtones arise in the middle ear and lower the threshold. 
It was possible to observe at times that these overtones are louder than 
the fundamental tone. 

For frequencies extending all the way to 0 eps the tactual threshold 
continues to show only slight dependence upon frequency. If the ear 
Was exposed to positive or negative pressure that was changed so slowly 
that a sensation arose only after 30 sec had elapsed from the onset of the 
change, a mean value was obtained for the touch threshold of 6000 dynes 
per sq cm. This value fits well into the curve of Fig. 7-48 when we bear 
pnd that the ordinate scale of this res pete rn values. 

e range of the thresholds was 500 to 10, ynes per sq cm. 

The rev sensation produced in the ear by a steady air pressure 
bears a close resemblance to the sensation produced by touching the 
finger tip with a blunt object. Though a constant stimulus applied to 
the finger tip gives rapid adaptation (von Frey), a corresponding effect 
Could not be demonstrated for the ear. When the air pressure ni 
to the external meatus was adjusted to a value that barely elicite " 
factual sensation and was kept at this value, the sensation remaine 
constant over several minutes. Also the feeling threshold that "Os 
obtained in this manner was not significantly changed when just before 
the test the ear was exposed for 2 min to a static pressure of 40 em of 
Water, 
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Careful examination revealed that the auditory threshold for low tones 
reflects the quantal character of neural processes. Thus if the frequency 
of the alternating pressures was changed slowly, and without any vari- 
ation of magnitude, from 2 to about 50 eps, it was possible to observe that 
the loudness and the pitch did not vary continuously, but were altered 
in a stepwise manner. 

This discontinuity was most clearly perceptible in the region of 18 cps. 
As the higher frequencies were approached, there appeared a sudden 
increase in loudness, corresponding approximately to a doubling of the 
sound pressure. At the same time there was a doubling of pitch; the 
number of pulses, which were separately perceptible below 18 cps, sud- 
denly became doubled, and the whole sensation became fused and 
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Fi. 7-49. Steplike form of the threshold curve at low frequencies. 


acquired a tonal quality (Brecher). This tone was still extremely rough, 
and the roughness gradually declined as the frequency was raised further. 
This frequency therefore can properly be designated as the threshold of 
fusion (Brecher). It is practically the same for all the sensory modalities 
and is particularly well known in vision from the work in cinematography. 
In addition to 18 eps, a frequency of 9 eps is a good one for observing the 
discontinuity. 

To study the discontinuous changes of loudness as a function of fre- 
quency a subjeet's threshold was measured in the following manner. In 
successive trials the sound pressure from the thermophone was reduced 
by steps of about 10 per cent, and the frequency was slowly raised auto- 
matically, starting from 2 eps, until an auditory sensation was aroused. 
The frequency thresholds corresponding to the various sound pressures 
are shown in Fig. 7-49. Below 4 eps and above 50 eps the discontinuity 
was not observed regularly or with certainty. For the measurements it 
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was convenient to provide the thermophone capsule with a small opening 
filled with compressed cotton, in order to keep the sound pressure constant 
or only slowly rising as the frequeney was raised. (The thermophone 
current might have been changed continuously to produce the same 
result.) Unless the pressure was kept constant or nearly so, the stepwise 
character of the threshold could not be observed. It was further neces- 
sary to take care that no overtones were present, for the discontinuity 
was obscured by the presence of even slight noises and stray tones. 
There was a high degree of constancy in the points of frequency at 
which the steps appeared. These points did not change as the sound 
pressure was raised to the threshold of touch or tickle. Also there was no 
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of discontinuities in roughness. 

Sensations of Tickle as Produced by Intense Tones. If the sound 
pressure applied to the external auditory meatus was increased gradually, 
à well-defined threshold was found beyond which any further stimulation 
Produced a tickling sensation (see Helmholtz, 1; Fletcher, 1; Riesz, 1); 

he arrangement shown in Fig. 7-50 was used to study these phenomena. 

In order to measure the sound pressure directly at the drum membrane, 
a T tube was used that was as short as possible relative to the wavelength 


was found also with beating 
time he observed a number 
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of the sound, and one end made an airtight connection to the external 
meatus. One arm of this tube was fitted with a calibrated membrane 
manometer, and the other arm transmitted the air-pressure variations 
of the electrodynamic loudspeakers Lı and Ls. For the lowest frequencies 
the loudspeaker was replaced by a pump and filter system as described 
earlier. A positive or negative static pressure could be applied to the 
ear also, and the manometer membrane served as well for the mensure- 
ment of these values. This pressure could be varied by compressing the 
cotton-filled rubber tube. A capillary C and a volume were inter- 
posed so that a suddenly introduced statie pressure would be applied to 
the ear gradually. 

The sound pressures that produce a tickling sensation under normal 
conditions are shown for various frequencies in the uppermost curve of 
Fig. 7-48. For frequencies below 10 eps the tickling goes over into a 
sharply localized pricking sensation, which appears mainly at the moment 
of the pressure maximum and is often absent for negative pressure. ‘This 
pricking is localized much deeper in the ear than the sensations of touch 
that arise for smaller pressure variations. 

For frequencies above 10 eps a sharply circumscribed vibratory tickle 

is felt along with a dull, uniform pressure. Above 20 cps this tickle over- 
rides the tactual sensation. Its character is independent of the frequency, 
as may be demonstrated in the following way. The two generators Gi 
and G of Fig. 7-50 were set to two different tones, such as 50 and 400 eps, 
and raised just to the tickle threshold by means of the attenuators. 
Now by operating a switch the two sensations could be compared. The 
tickling sensation was entirely different from a vibratory sensation, as 
observed by resting the end of a finger on a vibrator that was substituted 
for one of the loudspeakers. With the sense of vibration the frequencies 
50 and 400 eps were readily differentiated, but the sensations of tickle 
gave no indication of the frequency variation. The tickling sensations 
were reproducible with great exactness up to a frequency of 1000 cps, 
but at higher frequencies the results showed great dispersion, probably 
because of resonances in the middle ear. 
‘ If the sound pressure was raised further, both the loudness and the 
intensity of the tickling continued to increase but in complete inde- 
pendence of one another. The tickling went over into an itching that 
extended to the auricle and often persisted for several minutes after the 
cessation of the tone. 

In the region of the threshold the onset and decay times of the tickling 
sensation appeared when the beating complex reached its maximal 
amplitude, and this amplitude was the same as when a single continuous 
tone was used. If the beating rate was raised to 30 per sec, then the 
rhythmic character disappeared and the sensation became identical 
with that produced by a continuous tone. 

To obtain precise measurements of the onset time for tickle, pulses of 
a 200-cps tone were used, with durations as shown in Table 7-5, and for 
each duration it was found how much the sound pressure p had to be 
increased in order to give the same tickle sensation as a tone of indefi- 
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nitely long duration at a pressure po As may be seen in the table, the 
durations beyond 0.02 sec do not show any differences. 


TABLE 7-5 
Duration of pulse, sec........ 0.005 0.010 0.015 0.02 0.04 
TE EE E n 3.0 DT 1-1 1.0 1.0 


— Do 1 — MIN 

The following procedure was used to ascertain whether the tickling 
sensation arises at the same location for all frequencies, or whether this 
sensation exhibits a spatial localization as in hearing. "Two stimuli of 
equal pressure and different frequeney were superimposed, and their 
combined effect on the tickle threshold was studied. The results showed 
that to a large degree the pressure amplitudes of different frequencies 
are added. Thus if a tone of 200 eps was superimposed upon one of 50 
cps of the same amplitude, the combined tones required an amplitude 
for the tickle threshold that was only half that required for one of the 
tones by itself. The tickle sensation is mainly determined by the maxi- 
mal amplitude of the pressure, and the manner in which the pressure is 
attained has no influence. This it is understandable that a distortion 
in the form of the sinusoidal pressure variation can affect the threshold 
only to the extent that it alters the maximum amplitude. 

If observations of the tickle sensations were continued for a month or 
more, these sensations finally disappeared and were replaced by a burning 
sensation like that produced by rapid rubbing on an area of skin. This 
effect. was very painful, and the observations had to be discontinued to 
prevent the arousal of long-enduring pain in the middle ear. 

Loudness of Sounds at the Threshold of Tickle. It is known, from 
Measurements by Kingsbury and by Fletcher and Munson, that low 
tones increase more rapidly in loudness for a given increase of sound 
pressure than do tones in the middle of the frequency range. Hence, 
in spite of a great difference in threshold pressure, these tones have nearly 
the same loudness at a pressure of 10 dynes per sq cm. For tones below 
20 eps a comparison of loudness with the reference tone of 1000 eps is 
extremely difficult, and the great difference in the character of these 
tones produces a wide dispersion in the observations. Therefore these 
low tones were compared with a tone of 50 eps, whose loudness relations 
to the reference tone had already been determined. 

In Fig. 7-51 the abscissa shows the sound pressure for tones of 5 and 
10 cps relative to the pressure at their thresholds, and the ordinate shows 
in the same way the relative sound pressures required for an equally 
loud tone of 50 cps. It is clear that the slope of the loudness curve is 
increased for tones below 50 eps. The results might be taken to signify 
that at the point at which the auditory threshold curve crosses the 
threshold curves for tickle and pricking, as represented in Fig. 7-48, a 
relatively small variation of pressure ought to encompass the whole 
Tange of loudness changes, a range that for 1000 eps requires a variation 
of ten-millionfold. But because the tickle sensations arise in the middle 
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ear and are entirely independent of the loudness sensations, the tickle 
curve ought not to be regarded as an equal-loudness function. 

To test this point more specifically, the sound pressure was adjusted 
to the tickle threshold for various frequencies, and the loudness of these 
tones was then compared with that 
of a tone of 1000 eps. The results 
are given in Fig. 7-52 with the level 
expressed in decibels above thresh- 
old of a 1000-eps tone of equal 
loudness. It is evident that there 
is a regular decrease of loudness as 
the frequency is lowered. In this 
procedure the loudnesses of the 
oscillating pressures below 20 cps 
were again measured indirectly, in 
that a comparison was first made 
of their loudnesses with that of a 

x uh — we £9 Soda on E : : 

5 or I0" tone, ic If the sound pressure is raised 

Yid. TEL, Phe boudaem! of tones of E above the tickle threshold, the 
and 10 ops expressed in terms of à tone loudness for tones above, 1000 cps 
of 50 eps. continues to increase in a regular 
manner without the slightest effect 

upon the tickle threshold. For tones below 100 eps, however, the loud- 
ness is rising only slowly even before the tickle threshold has been 
reached. Beyond the tiekle threshold only a slight increment of loud- 
ness can be obtained. For pressure oscillations below 20 eps the loudness 
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Fio. 7-52. The loudness of various tones at the tickle threshold. 


has even begun to fall beyond the tickle threshold, as shown by the 
dotted curve in Fig. 7-51. 

It is possible that this phenomenon is related to the maximum dis- 
charge of the auditory nerve, as observed by Davis (1) and his associates. 
Unfortunately, the measurements of auditory-nerve impulses have been 
limited to one region of frequency, and it cannot be concluded with 
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certainty that for the low tones the maximal frequency of the nerve 
currents will be smaller than it is for the high frequencies. At 1000 eps 
the maximal loudness is about 50 db greater than can be obtained at 
10 eps. 

It may be considered also, as shown in Fig. 7-48, that at the low 
frequencies the effective value of the sound pressure has attained values 
beyond 10,000 dynes per sq em, and therefore it may be calculated from 
the impedance of the eardrum that the amplitude of vibration of the 
eardrum will be of the order of 0.2 to 0.4 mm. This amplitude can 
no longer be considered small relative to the dimensions of the ossicles. 
Thus it seems possible that the ossicles are deflected away from their 
normal positions of vibration, and accordingly the transmission of vibra- 
tions to the inner ear is impaired. This would mean that the middle 
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Fig. 7-53. Masking of a 10-eps tone produced by tones of various frequencies and a 
loudness level of 80 db. 


ear provides a mechanism for protecting the inner ear against ese 
below 50 cps, which are of common occurrence 1n particularly Due a 
magnitudes (F, Trendelenburg, 2). In favor of this suggestion td e 
fact that when a static air pressure of 10 em of water is oe er 
an oscillatory pressure of 10 eps the rise of loudness is even smaller than 


Usual, | i 
isi i Id as a Result of Masking. The 
avec ae tie A Wegel and Lane were extended to 


Investigations of masking begun by i 
the low tones. A study was made of the elevation of the threshold of a 


10-cps tone when the ear was simultaneously exposed ^ 2 d 
"hEerhadi o Dog 
quencies of the masking tones, and the ordinate s ] 1 
Pressure of the 10-cps tone had to be increased to I Be 
more. It is evident from the figure that the D t a a on Zs 
Small. This is in agreement with auditory theory. -t à : 

the masking tone wi less than 50 db above Ben ^ € E longer 
Possible to observe with certainty any effect upon the 10-cps tone. 
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The masking of tones of high frequency by a 10-cps tone is represented 
in Fig. 7-54. Here the ordinate shows how much the threshold is raised 
for the various tones indicated on the abscissa. The amplitude of the 
10-cps stimulus was either 20 or 40 db above its threshold (sound pressure 
200 or 2000 dynes per sq cm). Here also it appears that masking oper- 
ates over a wide range of frequency. "This masking does not arise in the 
middle ear, but in neural processes. This fact was proved by exposing 
the ear for 2 or 3 min to the 10-eps tone and then immediately deter- 
mining thresholds for the various frequencies. The results showed a 
raising of the threshold that varied with frequency in the same manner as 
observed for masking. 

Because a static positive or negative air pressure produces a change in 
the impedance of the eardrum, it is to be expected that the loudness of a 
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Fr. 7-54. Masking of various tones by 10 eps when presented at 20 and 40 db above 
threshold. 


tone will undergo regular alterations when slow oscillations of air pressure 
are presented simultaneously. For a 10-eps tone this phenomenon is 
readily observed. In order to measure the effects, the left ear was 
stimulated with a constant tone of 1000 eps together with a tone of 1010 
eps whose amplitude was adjusted to give to the ten beats per second the 
same loudness variations as observed in the right ear for a tone of equal 
loudness with a superimposed 10-eps tone. Figure 7-55 shows the 
intensity of the modulations of loudness in a tone of 1000 eps and at two 
different loudnesses, with the intensity modulations measured by the 
ratio of maximum to minimum amplitudes of the beating tone. 

When the sound pressure of the 10-cps tone was less than 20 db above 
threshold there was no modulation at all. The eardrum and the middle 
ear then continued to operate in a completely linear fashion. But if the 
sound pressure became greater (i.e., over 2000 dynes per sq em), the 
weak tones especially were modulated (cf. page 339). As the figure 
shows, the 10-cps tone when 30 db above threshold produced nearly 2 
complete modulation of a 1000-cps tone that had a loudness level of 30 db. 
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The phenomenon is independent of the frequeney of the tone being 
modulated, for tones of equal loudness over a range from 100 to 4000 
eps gave about the same degree of modulation. 

If these observations were carried out with the arrangement shown in 
Fig. 7-50, by replacing the statie pressure apparatus with the generator 
of low tones, then it might happen that the diaphragm of the dynamic 
loudspeaker was displaced from its normal position by the action of the 
air-pressure variations. This might give a modulation of the 1000-cps 
tone by an action in the loudspeaker itself. To check this possibility the 
Sound was listened to from the other side of the loudspeaker diaphragm 
(the side that was not exposed to the 10-cps pressure variations). The 
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Fig. 7-55. Loudness variations produced in a 1000-cps tone by a superimposed 

lü-eps tone, represented as a function of the loudness level of the 1000-cps tone. 

The minimal sound pressure divided by the maximal sound pressure during the modu- 
tion represents the degree of modulation. 


Sound emitted from this side of the diaphragm was completely smooth, 
and therefore the modulation was not produced by the loudspeaker. 


EFFECTS OF THE HEAD AND EXTERNAL AUDITORY MEATUS 
ON THE SOUND FIELD* 


Most explanations of the variations in auditory thresholds obtained by 


ifferent methods make reference to the difference between the sound 

Pressure in a free field and that acting upon the eardrum (cf. Hahnemann 

and Hecht; Waetzmann, 4; Langenbeck, 1; Waetzmann and Heisig). 

is difference arises from reflections of sound by the head, resonances in 

e external auditory meatus, and variations in the a of the 

rum. Some of these effects can easily be caleulated, for they are 

Similar to the ones concerned in the calibration of a mierophone as worked 
out by Ballantine (2; see also West, 3). i 

4 plane Sire ae upon a flat water surface, the oem en 

€ vibratory amplitude of the reflected wave and that of the inciden 


* Article 12 as listed in the Author's Bibliography. Published in 1932, 
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wave is a minimum when the incident wave is perpendicular to the surface. 
If pı and p; are the densities and c; and c» are the velocities of sound for 
air and water respectively, then a minimum is obtained as 


p22 — PIC’ _ 9 9994 
proce + pıcı 


This condition represents a practically complete reflection of the sound 
wave. The acoustic stiffness of bone covered with skin is equal to or 
exceeds that of water, and therefore no serious error will result if the 
head and meatus, apart from the eardrum, are regarded as completely 
rigid in respect to aerial vibrations. Observations with an ear microscope 
show also that the walls of the meatus 
can be regarded as rigid in comparison 
with the compliance of the eardum, 
for the application of a static pressure 
of 20 em of water produces a displace- 
ment only of the eardrum. 

Furthermore, if the auricleis pressed 
firmly against the side of the head and 
its folds filled up with a plastic mass 
there is no noticeable effect in a free 
field upon the loudness of frequencies 
up to 3000 eps, as indicated by a 
comparison with the other ear. Also 
if the trunk is covered with absorbing 
material so as to reduce its reflections 
of sound, we ean replace the head 
approximately by a rigid sphere of 
similar size. In the sphere, as Fig. 
7-56 shows, a round hole represents 
the meatus. Its length and width 
were determined by filling a large number of meatuses with Wood's metal. 
The end of the hole is closed by the eardrum. 

If plane waves of sinusoidal form are directed toward the meatus and 
their sound pressure in the free field is p, then according to Ballantine’s 
calculations on a basis of Thévenin’s theorem and the analogical relation 
between acoustical and electrical systems, the vibratory amplitude of the 
air particles at the entrance to the meatus is given by 


Fia. 7-56. Simplified dimensions of the 
external auditory meatus and the head. 
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Here S = rR? represents the cross section of the meatus, and po i$ 
the sound pressure at the entrance of the meatus when it is fitted into 
the surface of the sphere. 

The ratio between this sound pressure pp and the pressure of the free 
field p was also caleulated by Ballantine, and is represented as a function 
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of frequency for the present situation in Fig. 7-57. "The points shown in 
this figure represent measurements made by Langenbeck (1) by means of 
à small microphone placed directly on the skin of the head. Because the 
sound source was located 30 em from the head there were reflections 
between the source and the head, and consequently a dispersion of the 
Measurements apart from the variations arising from the spherical form 
of the sound field. 

In the above formula Zx represents the acoustic impedance of a vibrat- 
ing piston in the meatal opening as viewed from inside the meatus. 


Pressure ratio 
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Fro. 7-57. The effect of the head in increasing the sound pressure at the entrance of 
the external meatus. 


Impedance as used here represents the relation between the total force 
acting on the piston and its velocity amplitude, 


Ze = pxS (7-6) 
do 

This value cannot be calculated for the piston vibrating at the surface 
of the sphere. Therefore the surface of the sphere has to be replaced by 
4 plane surface, as shown in Fig. 7-56. Experimental tests made m 
connection with the calibration of mierophones show that only a slight 
error is introduced by this procedure. In the present situation the error 
is even smaller because Zx is small relative to Zo (the impedance of the 
meatus) in the frequency region concerned. — 

If R is the radius of the meatal opening, w is the angular frequency of 
the sound pressure, and k = w/c, then according to Rayleigh’s caleula- 
tions (see Crandall) 

g Ji(QkR) , .K | 
Zr = pes [1 miu tU 


Here the terms enclosed in square brackets can be transformed as 
ollows: 
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Because in this situation kR is extremely small, it is sufficient to consider 
only the first term of the series. In fact, for frequencies below 3000 cps, 
kR < 0.192, so that even the first term will give values within 1 per cent 
of the correct ones. Zo represents the impedance of the meatus, and 
according to transmission-line theory 


Zı cos kl + ipcS sin kl 
pcS cos kl + iZ: sin kl 


Zo = pcS 


where / is the length of the meatus and Z; is the impedance of the eardrum 
as defined for Eq. (7-6) above. 


Resonance frequency | 
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Fia. 7-58. Increase of pressure at the eardrum due to resonance of the meatus when 
the eardrum isrigid. The broken line indicates the resonance frequency of the meatus. 


From the amplitude of vibration zp of the air particles at the entrance 
of the meatus as obtained from Eq. (7-5), the actual pressure on the ear- 
drum according to transmission-line theory is 


| Z 
pete "GS cos ki + 12, sin kl 


p= (7-7) 


From this may be obtained the ratio between the pressure at the ear- 
drum p; and the pressure p of the free field. 

If the eardrum were completely rigid, then Z, = æ. For this condi- 
tion there will be an increase in sound pressure p;/po as a result of reso- 
nance in the meatus, as Fig. 7-58 shows. 

To obtain the increase of pressure for the normal ear, we may take for 
Zı the value of eardrum impedance obtained by Tróger. These values 
have to be multiplied by S in order to satisfy the conditions of Eq. (7-6). 
Because at frequencies above 800 eps the eardrum in its vibration breaks 
up into parts, there are several points of resonance in this inerease of 
pressure, as Fig. 7-59 indicates. 
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Figure 7-60 shows the total inerease of pressure produced by the head 
and the meatus in the normal ear. These values were obtained by 
multiplying those of Fig. 7-59 with those of Fig. 7-57. 
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“Fre. 7-59. Pressure increase due to resonance of the meatus when the eardrum is 
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Fra. 7-60. Combined effect of head and meatus. 


al sound field 
If the velocity amplitude Zo is not produced by an extern 

but by a AM Me in the opening of the meatus, pu d NG 3) 
May be used to calculate the sound pressure acting on M unm 
With the compliance of the eardrum taken into the account (see 4 
Page 136). 


CHAPTER 8 


THE SPATIAL ATTRIBUTES OF SOUNDS 


In no other field of science known to the writer does a stimulus produce 
so many different sensations as in the area of directional hearing. It 
was possible to show that the summation of four clicks can give rise to 
four different patterns of sound localization, depending on the types of 
inhibition between the two ears. With training it was possible for a 
subject to pass from one inversion to another. 

There is an interesting analog with optical inversions. In vision the 
drawing of a prism can be seen in three ways, and likewise in hearing a 
sound presented to both ears can be localized in three different places. 

A further reason for a special interest in directional hearing is that this 
sort of sensation can be pointed to and therefore can be measured in 
numerical terms. 

The problem of directional hearing has a special significance also. If 
a sound is presented by earphones the distance is indicated simply by 
the loudness. But if the person is in a free field there are additional 
factors, especially the phase angle between the pressure and the particle 
velocity. It therefore is important that the ear operate in some 
degree as a velocity receiver and not simply as a pressure receiver. 


THE SENSATION OF DIRECTION* 


The perception of the direction of sounds presents a problem of special 
interest in that individual differences play a particularly important role. 
The differences are not a matter of a few quantitative variations but 
show themselves in the whole character of the phenomena, which may be 
entirely different from one person to another or may vary for a given 
person from time to time. These differences are indicative of complex 
processes in the central nervous system, and it seems clear that the com- 
plex stimuli affecting the two ears are combined in some higher center to 
produce a unitary sensation. Even though the actual excitations may 
vary only in limited ways, it is possible for their combining to take & 
great variety of forms. The resulting perceptions then may depend on 
rather subtle variations of timbre and loudness that ordinarily go 
unnoticed, so that the variations in the phenomena may seem chaotie 
and incomprehensible. Yet after a subject has been presented with all 
possible forms of stimulation, he gradually learns to recognize all the 


* Article 5 as listed in the Author’s Bibliography. Published in 1930. 
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types of phenomena, and after sufficient practice can voluntarily switch 
from one to another. It is then possible to arrange the various observa- 
tions into the proper stimulus eategories, so that most of the individual 
differences in the perception of them can be taken into account. The 
differences that remain can then be handled by the variations of a small 
number of constants, so that systematic measurements can be carried 
out. 

Figure 8-1 shows the apparatus used to present stimuli to the two ears 
with control of the intensity and time relations between them. A 
switch S was used to select one of three stimuli: a sinusoidal tone, a 
noise, or a brief click. Clicks of a highly uniform character were produced 
by charging or discharging a condenser C with direct current through the 
resistance. Two attenuators bı and bs served to control the intensities 


G | 


Brass tubes with cotton 
in the end i x 4 
Fra. 8-1. Tube system for the production of binaural time differences. 


of the two stimuli. Switch Sı was used to establish equal loudness in 
the two ears by operating the two phones /’1 and F; alternately, with suit- 
able adjustments of one of the attenuators. Thereafter the nam 
could be set for any desired difference in loudness. When cw 1 on 
in its uppermost position the two phones were actuated simu m is 
Time differences between the sounds at the two ears were ^ y 
varying the distances that the sound traveled along a brass tube. poh 
of the phones 7^; and Fs was attached securely to one brass tube to ie 
another brass tube was fitted so as to slide smoothly. A rubber pue ien 
off from the longer tube at a point about 1.5 meters from the a = 
Was attached to the ease of a telephone receiver to provide a E wt a e 
Way of listening. The length of the sound path could be yoria Mn à ing 
the outside tube that was attached to the phone. The pae A Ne 
a large diameter to prevent a change of sound intensity as 4 bah vie 
varied. Usually this diameter was 3 em. The os acho per pitted 
à change of path length of 40 cm with less than a 5 By eent hange in 
sound pressure, and for the highest frequencies used this did not a 


the perceived direction. 
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With tubes of this diameter there is little damping of the sound waves, 
and to avoid resonance it is necessary to prevent reflections. Therefore 
the tube system was kept straight and of uniform diameter. The wall 
thickness of the longer tube was less than 0.2 mm at the place where it 
joined the phone. A rod of the same diameter as the inside diameter of 
the rubber tube was placed within the brass tube beyond the junction with 
the rubber tube so as to give a uniform cross section. The far end of the 
brass tube was loosely filled with pieces of gauze tied to a thread to 
provide damping of the sound waves and prevent any reflection from this 
end. 

The inside diameter of the rubber tubes leading to the ears was 6 to 
7 mm, and was so chosen in order to prevent reflections at the ears. 
West (2) has shown that tubes of this size have about the same impedance 
as the ear when held against a telephone receiver. 

The absence of reflections at the ends of the tubes is especially neces- 
sary at the low frequencies, because such waves are but slightly damped 
in their passage through the 4-meter tube. To test for reflections the 
receiver pieces were removed, and both rubber tubes were connected to 
a T tube whose third branch led to the ear. If the phase of one of the 
receivers was reversed it was possible to make a compensation for the 
sound in the branch leading to the ear by making slight changes in the 
amplitude and in the length of one of the tubes. Now if the gauze strips 
were properly distributed so as to prevent end reflections, this material 
could be varied in position, say pulled back from the usual 4-meter 
distance to 5 meters, without producing any change in the tone minimum 
as adjusted earlier. This was true because only a traveling wave and 
no reflected wave was present in the tube. 

If care is not taken to prevent reflections, a click will undergo a marked 
change in timbre as the tube length is altered. The result is a serious 
disturbance of the observations. 

_ The slight difference in wave velocity in the tube compared with that 
in free air was of no importance, because all the measurements were 
concerned with relative time differences. 

If now equality of loudness was established in the two ears and then 
one tube was varied in length, the subject ordinarily perceived a sound 
image that was well defined, about 2 em broad, and seemed to be floating 
in space a short distance outside the head. "This experience was espe- 
cially easy to obtain with clicks. As the time difference was increased 
between the two sounds the image moved still farther to one side, until 
for a certain time difference At = k it came to lie nearly on the line of the 
two ears. From there on, the velocity of its movement decreased greatly. 
The constant k is called the Hornbostel-Wertheimer constant. 

In the course of the measurements it was often important to fix the 
location of the image in space. Then the fluctuations of the image arising 
from temporal changes in the nervous system, from fatigue, and the like, 
could be evaluated. This was done by placing about the head a semi- 

circular scale on which the direction of the image could be read off. 
This procedure became fatiguing in the course of time, apart from the fact 
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that the estimates of direction were inexact, for the subject did not know 
from what central point the image was to be projected upon the scale. 
A better procedure will now be described. 

If the intensity of the click is increased, the circle on which the sound 
image moves becomes smaller until at a certain value it seems to be 
moving directly on the skin of the 
forehead. A click can give exactly 
the same sensation as if a blunt 
object were tapped against the 
forehead. The exact place can be 
perceived, and hence the direction 
is well indicated. For long-con- 
tinued observations a small, mo- 
mentary jet of air was applied to 
the forehead at the same time as 
the click and adjusted by the sub- 
ject so as to appear at the same 
spot. For this purpose a scale was 
fastened to the telephone headband 
as shown in Fig. 8-2, and to it was 
fastened an air tube with its main 
portion extending outward and 
downward as pietured and a nozzle 
pointing toward the center of the 
scale. The lower end of the tube 
was held shut, and air was intro- 
duced into its upper end under 
Pressure. The air stream had to I 
be pulsating, because a steady one Fia. 82. Arrangement for determination 
soon became imperceptible as 3 of the direction of a sound. 
result of adaptation. This ar- 
rangement permitted a determination o 
as ee from the center point. . re 

he usefulness of the apparatus is indica : phe 
conditions were arranged so that one sound image cniin tod 
With another produced by a second pair of tubes, the «oom “rd 
tube settings was of the same magnitude as the cnl d E on tho 
tube to the image. The simplicity of this observation sam : iih = 
fact that taetual space and auditory space have much in i bodsdn 
Indeed, the whole character of the sensation has its e corem alas 
the fact that the labyrinth is an outgrowth of the skin whic 
Stage is cut off and then continues to develop | aed to prolonged 

Effects of Fatigue. If the auditory nerves arè pret - Thi wa m 
necs their characteristics are ned. Bun em 
called fatigue.* An alteration in = 
when the re Me of the basilar membrane = exposed to progres 

* This term is used here for what some have called en have called 
Adaptation, and some have regarded as a combination of the à 


f changes of direction up to 80° 


d by the fact that when the 
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sive fatigue by a sound of constant intensity, because the excitatory 
effect in the nervous system becomes smaller with the passage of time. 
This form of change in direction was particularly noticeable when the 
sound intensity was different in the two ears. Then, when the sound 
was intense, the fatigue appeared rapidly (see page 357), and the intensity 
in the two ears seemed to equalize, while at the same time the laterally 
displaced image moved toward the mid-line. This shift toward the 
mid-line occurred not only for a continuous tone, but equally well for a 
series of clicks introduced suddenly. A noticeable shift appeared at 
about the fifth click, if the interval between successive clicks was 1.0 sec. 
This change could be fully compensated for if the sound intensity was 
raised at a rate corresponding to the loudness decrease caused by the 
fatigue. 


It is also conceivable that the effect of fatigue on the time difference 
between the two ears is due to changes in the latency of firing of the 
nerve endings or the rate of conduction of the excitatory pulses. It was 
found, however, that if care was taken to keep the loudness relation in 
the two ears constant, there was no effect of fatigue on the direction of 
the sound. This was true both for continuous tones, for which latency 
hardly comes into play, and for clicks, for which both latency and con- 
duction rate may operate. Therefore we can attribute the effects of 
fatigue on the direction exclusively to the changes of loudness. That 
there are no alterations in rate of conduction is attested by the well- 
known fact that the central nervous system is much less subject to 
fatigue than the nerve endings. 

The circuit shown in Fig. 8-3 was used for observations on continuous 
tones. When switch S; was open, the attenuators b, and b; were adjusted 
so that when switch S; was shifted between positions 3 and 4 the loudness 
was equal in the two phones. When S+ was switched to its lowermost 
position and S, to the next-to-the-lowest position, the two phones were 
actuated simultaneously; and when their polarity was correct as deter- 
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mined by S;, the sound image was maintained for the most part in the 
mid-line. Then S; was set in the upper position, and one ear was 
fatigued for 2 min with a tone of an intensity set by bo at 10 dynes per 
sq em. Preliminary tests showed how much b, had to be changed to 
compensnte for the fatigue and keep the loudness equal in the two ears 
by switching S» and S; successively to the four positions. A delay of 
1 sec was made at the second position, where no tone was produced, 
because immediately after the ear was fatigued the loudness changed 
relatively rapidly and no precise and reproducible loudness comparisons 
could be made. At the two lower steps the delay was 0.5 sec. After 
these preliminaries it was found that after the fatigue, with Sı at the 
next-to-the-lowest position, with S» on, and with a delay of 1 sec, the 
sound image at the moment of switching remained exactly in its original 
location and then gradually shifted away from it as the ear recovered 
from its fatigue. By shifting bı the image could be brought back to the 
mid-line and the faet confirmed that whenever the image took its original 
position the loudness was equal in the two ears. To obtain a maximum 
amount of fatigue, the fatiguing tone was made 20 db stronger than the 
tone being observed. If the test was repeated with a series of clicks, it 
was best to use the same clicks for the fatiguing but with much shorter 
intervals between them. 4 : 

It was found by Bartlett and Mark that long-continued observation of 
3 sound image affects the direetion of a successive image of the same 
kind. Thus if a tone was presented so as to appear at the extreme right 
for a long time and then the stimulation was such as ordinarily would 
give an image in the mid-line, the image was actually perceived as on 
the left. To study this effect, the two phones were actuated simul- 
taneously and at equal loudness, and the polarity was reversed in one 
phone. The image then appeared far to one side for frequencies betw pm 
300 and 800 eps. Lower frequencies did not give this effect, M he 
them a reversal of phase produced so large à temporal disparity t cad j ae 
image split. in two, one portion appearing in each ear. : i ica n 
time switch S; was again reversed so that the phones had the E 
Polarity once more, the image appeared at exaetly the same dau » 
Usual. Thus an aftereffect of one image on another could not be o m 1 
The same result was obtained also by varying the time Miferencor by 
means of the tube system. à 4 

If tubes of omadi dc were used, however, this effect Dr 
obtained. When both time and loudness relations ben e e E 
two ears, the image was in the mid-line. Then if the er er din En 
Phone was made longer, the image shifted to the left. : this wen e 
of the image was observed for a long time, the right ear Rd wen 
to à somewhat greater extent than the left ear, er = in aib 
stronger in the shorter tube. If at this point the Dr eem image 
*qual in length, the tone on the right seemed the louder, a à 


Shifted to the righ en 
ght. i - 
When the fatigue was the sume in the two ears cer een 
Sound image was unaltered, and this was true Irrespec 
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of the sound image to begin with: the same happened for an image 
lateralized to one side as for one in the mid-line (cf. Pattie). Another 
way of saying this is that the Hornbostel-Wertheimer constant is 
unaffected by fatigue. 

Paths Followed by the Sound Image. Figure 8-4 shows how the sound 
images shift as a result of temporal disparities. As the temporal dis- 
parity increases, the image shifts backward from the mid-line along an 
are until for a certain disparity At = k the direction of movement changes 

abruptly and the image moves 

sharply away from the head. 

Thereafter the backward move- 

ment is only slight. When a dis- 
Breakpoint parity of At = 2k is reached, this 
backward movement ceases, and 
=2k for still greater disparities the image 
remains motionless until at last the 
image breaks up into two. The 
entire movement of the image 
thus takes place in a temporal span 
of 2k, of which the first half leads to the sharp break in the path. These 
relations are shown in Table 8-1 for four subjects, for which different 
sound intensities were used at the beginning to locate the image in the 
mid-line. The table shows the extent to which the tubes had to be 
shifted to displace the image from the mid-line to the break point, and 
from the break point to the extreme lateral position. 


At=0 


Fic. 8-4. Path of the sound image. 


TABLE 8-1 

A, shifting from B, shifting from Ratio 

Sub- mid-line to break break point to of 
jects point one side B/A 
1 8.25 10.9 1.32 
2 1.2 7.6 1.05 
3 21.6 19.0 0.88 
4 14.2 13.7 0.97 
Mean value 1.06 


Many persons had difficulty in perceiving any movement at the point 
where the temporal disparity was reduced just below At = 2k, and went 
on to At = 1.5k where the image first changed from the extreme lateral 
position. This was often the case when the intensity was great, for then 
the sound image seemed large and ill-defined, so that a small movement 
was difficult to judge. Others, however, gave repeated settings of the 
tubes that were correct to the centimeter, and for them the two tubes 
always gave the same settings. 

The entire path of movement of the sound image lies in a single plane, 
which is horizontal when the loudness is small but becomes inclined 
forward when the intensity is raised, until it comes to lie in a vertical 
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semicircle for the strongest sounds. Moreover, as the loudness increases 
the two break points move farther away from the axis of the ears, so 
that they show a smaller lateral displacement. At the same time the 
whole pattern of the sound path is diminished until finally it lies entirely 
within the head. 

To observe these phenomena it was found best to use a continuous 
series of clicks, because their direction is most clearly perceived. As indi- 
cated in Fig. 8-5, the click was produced by means of a rotating switch, 
with a rate of one interruption per second, used to charge and discharge 
a condenser into the attenuators and phones. Switch So was used in 
adjusting for equality of loudness in the two ears, and switch jS; was 
used to vary the loudness of the sound image. When the sound image 
had been shifted to one side by introducing a time disparity, such an 


Fi. 8-5. Arrangement for determining the effect of sound intensity on sound direction. 


increase in loudness led to a reduction in the distance from the mid-line 
in most subjects. "This effect depends upon the fact that, as loudness 
increases, k becomes larger; and so, according to the Hornbostel formula 
At = k sin $ ($ represents the angular displacement from the mid-line), 
the time disparity produces a smaller lateral displacement. This change 
in k could be evaluated if with the louder stimuli the time difference 
At was enlarged until the displacement became equal to that with the 
Weaker stimuli. Then the two values of k behaved like the corresponding. 
time differences. " + 

More precise values were obtained if one tube was left in position and 
the other was shifted by the amount necessary to pass from the break 
Point on one side of the image pattern to the break point on the other 
side. Figure 8-6 shows for a number of subjects the corresponding time 
difference 2% as dependent upon sound intensity. As is evident, the 
relationship is highly variable; yet in general the value of k varies — 
in proportion to the loudness level of the sound (measured in deci bels 
above threshold). ‘The values of k also change considerably from time to 
ime, 
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With a few subjects at times the value of k did not change at all with 
sound intensity. With them also k was unaffected by previous stimu- 
lation. Such subjects gave the most uniform results in a series of 
measurements. 

The degree of dependence of k upon sound intensity provided a good 
way of choosing the most satisfactory subjects for a series of measure- 
ments. Such subjects after only a little practice gave results that other- 
wise would have had to be obtained as averages of a great many measure- 
ments. Apparently this condition, in which there is only a limited effect 
of stimulus intensity on nerve activity, is a general characteristic of the 
nervous system of these subjects. 


10 3 sec 
2.0 


0.5 


0 60 


20 40 
Level obove threshold, db 
FG. 8-6. The effect of sound intensity on the Hornbostel-Wertheimer constant. 


; We return to a consideration of the path of movement of the sound 
image. When a sound source is moved about, a subject whose eyes are 
closed can report with complete accuracy where the source is, how far 
away, and whether it is in front or behind. But under the conditions of 
these experiments a number of the cues were lacking that normally 
determine distance, position, and the like. In the experiments only the 
sound intensities and their contrary relations in the two ears together 
with the time relations were considered as variable attributes of the 
presentation. Perception of the distance of a sound depends upon 
characteristics of the sound field that still are not well understood, but 
in the experimental situation the apparent distance was determined 
simply by the loudness. The less the loudness, the farther away from 
the head the sound image seemed to be, and when the loudness remain 

constant this distance was always the same. However, the conditions 
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were indeterminate as to front-back location. It was possible for a sub- 
ject voluntarily to shift the image from front to back or vice versa. These 
eonditions have an analogy in vision in the 
perception of reversible perspective figures, like 
the one shown in Fig. 8-7, where the shaded 
surface can be seen as in front of, or behind, or 
on the same plane with the other surfaces. 
Figure 8-8 shows results obtained in a subject 
who ordinarily perceived the sound image in 
front of the head, but who was able to shift it 
to the back. It is seen that the posterior path 
is considerably flatter and closer to the head > 
than the anterior path, though the lateral dis- — Fre. 8-7. A drawing show- 
placements are the same. Hg serit olo porgpeotive; 
Subjects who were unable to shift the image between front and back 
could be trained to do so by such a procedure as the following. A 
metronome was placed behind the head about 5 meters away; it was 
clearly pereeived as behind. If the hands were cupped over the two 
ears, so as effectively to enlarge the auricles, the sound suddenly jumped 
forward, especially if the hands and auricles were pushed forward. 
With practice the sound image could be made to take a forward or back- 
Ward position even though the hands were kept motionless. Many 


Front 


Aural axis 


1L 


Fia. 8-8. Anterior and posterior paths of the sound image. 
k and forth without this 


Subjects were able to make the image jump bae j 
use of the hands. The distance of the image from the head did not need 


to change. What this means is that many conditions are operating 
ertain ones can be emphasized or 


ht distortions of sound produced by 
inarily these provide a basis for our 


ibilities, one of them having one 
Fig. 8-7, where the drawing can be 
o tridimensional figures. Also in 
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have already been described, form plane curves; the third path is a 
straight line, as shown in Fig. 8-8 by the dot-dash line running parallel 
to the axis of the ears and about 1 em away from it. To locate this third 
path, the two phones were sounded alternately, causing the sound 
image to move slowly from either extreme lateral position toward the 
middle of the head. Once this path had been experienced it was readily 
located again. Then the subject could readily make the image jump 
from in front to the middle path, or from here to the one in back, as 
indicated by the arrows in Fig. 8-8. These lines of passage between the 
paths were mostly inclined at small angles as indicated, until near the 
break points they reached a maximum of about 15° on the average. 
The angle was greater if the jump was made first to the middle path, 
because the image moved more toward the middle of the head; and then 
on going farther the image moved away again. All subjects but one 
noticed this effect. 

Besides these three pathways, one more was found, though it was 
limited to the region between At = k and At = 2k. If the time difference 
was enlarged beginning with the break point the image often moved to 
the inside of the head instead of outward. This peculiarity has fre- 
quently been mentioned in the literature on sound localization. Both 
paths can be inverted, so that the image jumps back and forth in a direc- 
tion nearly parallel to the axis of the ears. As the image gets farther 
away from the break point it jumps a greater distance. These inversions 
can also be observed on the anterior and posterior paths but not on the 
middle portion of the straight path. In this middle region an enlarge- 
bs of the temporal disparity always causes the image to pass out of the 

ead. 

In general, the inversion takes place more readily the greater the 

distance between the two normal images. After the images move beyond 
the break points they rapidly come together and become more and more 
difficult to discriminate from each other. Accordingly, the inversion is 
more difficult to perform, 
N All of the paths lie in one plane. The jumping movement of the sound 
image, especially one that appears in the middle of the head, from the 
anterior to the posterior path, can serve particularly well in a determi- 
nation of the inclination of the plane of the path. This inclination is 
measured by the use of a long rod that is rotated about an axis parallel 
to the line of the two ears and adjusted as closely as possible to the direc- 
tion of the movement. Then the inclination can be obtained as that of 
the rod. 

In measurements of the direction of sounds the rectilinear path is of 
great importance. Thus if the relation between temporal disparity and 
changes of direction needs to be determined it is difficult to use the 
anterior path, for exact determinations of direction here require a meas- 
urement of the angle between the medial plane and a line passing through 
the sound image and the center of the head. An estimation of this 
angle or its evaluation on a seale placed around the head is difficult, and 
it is even more difficult to locate the center of the head. Moreover, the 
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form of the anterior path varies greatly in different individuals and 
changes markedly with sound intensity. With the rectilinear path, on 
the other hand, these difficulties are absent. It is the same for all 
subjects, and its form is independent of loudness. Also most subjects 
can make precise judgments of the movements of the image along this 
path after a little practice in the estimation of distances. 

The circuit of Fig. 8-9 was used to determine the shifting of a sound 
image along the rectilinear path. It consisted of two similar pairs of tubes 
which could be used to produce sound images independently of one another. 
If switch S; was switched to the upward position and 5: to the next-to-the- 
lowest position, a tone was applied to the upper pair of tubes. If Sı 
was switched to the second position, the tone was applied to the lower 
pair of tubes. If S; was turned to the third position, the tone was 


Fıc. 8-9. Arrangement for the observation of two sound images. 


applied to both pairs of tubes. Attenuators bı and bs or B; and B» were 
En to ws puis n. of the loudness on the right and the left for 
each image separately, with S, at the two uppermost positions. Also 
B, and B, were set, with S> at one of the two uppermost positions, so 
that as S1 was alternated between the two uppermost positions no change 
in loudness was perceived. Then the loudness of the two sound images 
was equal. It was necessary to have the correct, polarity of the phone. 

Now the upper and lower tube systems were adjusted so that the two 


sound images seemed exactly at the mid-line. Then the lowermost 
tube was shifted a certain amount At so that the lower sound image moved 
to one side. By switching S, to the two uppermost positions, with Sa 
at the next-to-the-lowest position, now one ‚and now the other image 
came in, so that it was possible to obtain reliable indications on a scale 
which represented the same distances as the movements of the image. As 
a test of the precision with which the shifts were judged, the image was 
made to shift from the mid-line to the break point and was compared 
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with the sum of the two shifts, one from the mid-line to an intermediate 
position and another from here to the break point. In these measure- 
ments it was convenient to operate S; automatically at the rate of once 
per 5 sec. 

Figure 8-10 shows for several subjects the mean values of the shifts 
of the image corresponding to various time differences. The time differ- 
ences are shown relative to a mean time difference at the break point of 
At = 15 em. There is an obvious proportionality between the two 
magnitudes, which holds true even 
beyond the two break points. 
However, in this region the pro- 
portionality factor is different. 
Also the proportionality factor does 
not seem to be the same on the 
right and on the left. Therefore 
the two sides had to be handled 
separately, and shifts from one side 
to the other had to be avoided. 
0 5 10 15 20 The intensity of the clicks was 40 

Temporol dispority, expressed in db above threshold. 

terms of tube length, cm The proportionality factor could 

Fic. 8-10. Relation between displace- be found by shifting one of the 

meni nimi themanitule of tubes a certain distance away from 

its mid-line position, noting the 

resulting displacement of the image, and then setting the tube so that 

the image was displaced half this distance from the mid-line. The shift 
of the tube was then half as large also. 

The shifting in the region beyond the two break points was propor- 
tional to the time difference, and a constant h analogous to the Hornbostel- 
Wertheimer constant k could be found for this region. Its relation to & 
was found by comparing the shift from the break point to the extreme 
lateral position with the shift from the mid-line to the break point. For 
a tone 40 db above threshold the mean value of h = 0.35k. 

A few individual values of the ratio h/k for several subjects are as 
follows: 0.32, 0.39, 0.44, 0.27, 0.37, 0.32. 

The results were less precise when the sound intensities were greater, 
because the sound image became vague and the displacement could no 
longer be estimated exactly. As a test of the accuracy of the measure- 
ments of displacement the displacement from the mid-line to one extreme 
pay T MM was measured. This value must be equal to the sum of 

and k. 

The circuit of Fig. 8-9 was used to determine exactly the time difference 
between the extreme lateral positions. For this purpose the two tube 
systems were adjusted for equality of loudness, and then a large time 
difference At > 2k was produced. Then the time difference of one system 
was reduced to a value at which a displacement of the image was still 
just imperceptible when S; was operated. It was essential here that the 
timbre of all four phones be absolutely the same. By this method, all 


cm 
un 


o 


o 


Displacement of the image, 
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subjects were able to observe that the extreme lateral position was reached 
when At = 2k. 

To obtain a picture of the measurements of the anterior path of the 
image for various subjects the loudness was chosen so that the image was 
in front and outside the head in the immediate vicinity of the forehead. 
To find the distance from the skin a small scale was placed perpendicu- 
larly on the surface of the head, and an attempt was made to indicate 
the distance by moving the thumb along the scale. This procedure 
worked well when the distances were small. 

To obtain the distance of the lateral position from the head, a wire was 
bent to conform to the head and placed in the plane of the sound path. 
Then, with the loudness held constant, a certain time difference was 
introduced, a scale was moved along the wire to the position taken by 
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Fic. 8-11. Forms of the anterior pathway for different subjects. They are repre- 
sented approximately by a semicircle (broken line). 


the image, and as before the perpendicular distance from the wire was 
indicated. When the perpendicular distances from the wire had been 
found for a number of points, the form of the wire was recorded as in 
Fig. 8-11, and from the distances observed a continuous curve was 
drawn representing the form of the sound path. This method gave the 
Path in good reproducible form. In the figure the axis of the ears runs 
through the two phones. 

It =A found tiat the two indicated paths, which were the closest and 
the most remote that were found, had a mean value that could be repre- 
sented as a semicircle with its mid-point M approximately in the center 
of the head. It was further found that jumps from the rectilinear path 
in a forward direction ran nearly perpendicular to this path, and also 
that the shifting of the image along the path was proportional to the 
time difference. It follows that the relation At = k sin & between the 
directional change $ and the time difference At as expressed by Hornbostel 
is approximately valid. Here k is the time difference for the break point. 

A test of the form of the sound path was made by introducing small 
changes in the time difference for some given position of the wire form 
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and trying to find the direction in which the sound image moved. It 
was often possible for a rod that could be rotated in the horizontal plane 
to be placed parallel to the direction of movement. The measurements 
of this direction must coincide with the tangent of the sound path. 
Precise values were obtained only when the tubes were shifted by 
extremely small amounts. 

In these observations it was necessary to be sure that the loudness 
was the same in the two ears. An inequality produced an asymmetric 
distortion of the sound path. 

The mid-point of the semicircle that was used to represent the anterior 
sound path agreed well with the center of the head as ascertained by other 
psychophysical methods. The arrangement of Fig. 8-12 was used to 


40cm 
Fig, 8-12. Arrangement for determining the center of the head. 


determine this point in relation to the axis of the ears. The two bars 
Sı and S, were fastened to the head so as to lie in the axis of the ears. 
Tubes // and Rs could be rotated about a vertical axis in a plane located 
about 10 em below the axis of the ears, so that their directions could 
easily be observed. When these tubes were rotated back and forth 
until they gave the impression of going through the middle of the head, 
a well-defined sensation arose. Thereupon the tubes were lengthened 
by sliding some fitted rods through them up to the point of intersection, 
and this point was found to lie at an average distance of 4.5 + 1 em in 
front of the axis of the ears. 

In this determination of the center of the head the main role is played 
by the visual space system. The center of the system nearly coincides 
with the center of the semicircle for moderate intensities of sound. Yet 
the center of the semicircle is not the center of auditory space, for if this 
were the case a sound presented in one ear only, whose image lies on the 
axis of the ears a few centimeters inside the head, would seem to come 
from the back, and this is not so. It therefore seems that when the 
sound image jumps from the anterior to the posterior path, the deflections 
of the image from the middle plane are increased, as shown in Fig. 8-13. 
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The reason for this is that the posterior path is only a short distance from 

the axis of the ears on which the center of auditory space seems to lie. 
These variations in the center of auditory space from the center M of 

Fig. 8-11 and the uncertainties that arise from individual differences in 


the circularity of the sound path 
are manifested as a failure of the 
equation At = k sin $ to give ac- 
tual angular displacements. Still, 
the difference between the actual 
plane of incidence of the sound 
waves and the one indicated by the 
observations is only slight com- 
pared with the difference between k 
(expressed in terms of wavelength) 
and /, which is the distance between 
the two ears. 

It is no doubt a providence of 
nature that for sound intensities 
that are important in ordinary 
affairs, those around 40 db above 


Fia, 8-13. Relative deflections from the 
middle plane for the same sound in the 
anterior and posterior pathways. 


threshold, k in general agrees well with the distance between the two ears 
of about 20 em. Yet the variations are often large, and k may have 
values all the way from 5 to 37 cm. 

It must be left for further experiments to disclose what factors serve to 
correct for these errors in the operation of time differences in the percep- 
tion of the direction of sounds. Actually, they are not fully compensated 
for. nie 

If continuous tones were used instead of clicks, there was a significant 
loss of accuracy in the perception of the direction of sounds, though the 
experiences had the same character for wavelengths A greater than 2k. 
For two wave trains of the same frequency (representing the stimulation 
of the two ears by a continuous tone), the maximum displacement of the 
sound was found when At = 2/2, and an increase 1n the time difference 
led to a smaller displacement of the sound to the opposite ewm When 
At = X nothing was observed, since in this case there was no difference 
betwee ins at the two ears. 

“When n KE rien tre obtainable time difference was not "d 
ficient to displace the sound image as far as the break dem rd = 
image could only be observed in the middle portion of the m pat A 
Theoretically it is of great importance, as Hornbostel pointe eh mri 
frequency for which \/2 = k gives a sound image that just 2 mi e 
break point. This fact indieates that the waves of exeitation m M 
along the two auditory pathways of the nervous system ci ave t r 
same periodieity of variations as the tone itself. Actually the € o 
excitation would be expected to have a periodicity twice that of the tone. 
Then the conditions would reflect themselves for every time difference 
equivalent to 4/2, and the most extreme lateral displacement would be 


reached for At = 1/4. 
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It is known from the study of pressure sensitivity on the skin that a 
depression and an elevation of the skin cannot be distinguished if care i« 
taken to excite the same nerve endings. Ordinarily these two forms of 
stimulation can be differentiated because a depression excites only those 
endings immediately beneath the stimulating object, whereas pulling 
upward on the skin involves a larger area, though at lower intensity. 

The electrical stimulation of the nerve endings of the skin always gives 
the impression of pressing and never of pulling, regardless of the polarity 
of the direct current used. Hence the neural excitation is the same for 
positive and negative pressure on the skin. This is to be expected on 
the basis of the theory of neural excitation (see page 232). All nerve 
cells are alike, and their cell walls have the same characters of semi- 
permeability on all sides. Therefore an increase in concentration at one 
place produces the same excitation regardless of whether it is produced 
by positive or negative action. 

In the perception of the direction of a sharp click no important differ- 
ence was found on reversing the polarity of one of the phones. Some 
subjects were unable to detect any differences at all, though others per- 
ceived the sound image as larger and more poorly defined. Yet the 
break points could be located in the same manner in these two situations. 
A reversal of polarity caused a shift of the mid-point, varying in direction 
and amount in different subjects, and apparently depending largely on 
the ossicular chain. This chain perhaps does not act in exactly the same 
way in response to positive and negative deflections. 

The old idea that the basilar membrane is only stimulated once in 
each period of the stimulating sound, namely, when the hairs of the 
sensory cells strike against the tectorial membrane, cannot be regarded 
as valid. The nerve endings in the cochlear duct are surrounded by 
elastic tissue and by fluid of high viscosity. Consequently there are 
positive and negative effects for all vibrations of the basilar membrane. 
This will certainly be true if the tectorial membrane is attached to the 
cells that surround the nerve endings. 

Because the excitation is the same for positive and negative pressure 
there will be two maximums of excitation during each period of the sound. 
Hence there will be a doubling of the periodicity. This doubling can be 
avoided if along with the oscillations of pressure there is a static pressure, 
which is increased and decreased by the oscillations. It is likely that a 
static pressure is produced by the fluid eddies. When the tone is turned 
off, this pressure ceases, so that there is no persistent excitation. 

After stimulation with a tone has reached a steady state the movements 
of the basilar membrane at the different locations will vary in phase. 
Yet this variation is of no importance in the perception of direction, for 
the combining of the neural effects from the two ears is such that corre- 
sponding locations on the basilar membrane with the same phase will 
interact. 

Interaction of Two Sound Images of Equal Loudness. When the 
circuit of Fig. 8-0 was used to produce two sound images of equal loud- 
ness and switch S, was set at its next-to-last Position so that the two 
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images were produced simultaneously, the two images usually fused to 
one whose direction is now to be considered. 

The first question is whether two clicks, which in this instance occurred 
in rapid succession, are capable of independent transmission to the nerve 
endings by the eardrum and ossicles. To test this point, two of the 
phones, say, the second and fourth, were switehed off, leaving two 
successive elieks to be presented on the left side. If the two phones had 
the sime polarity and the two tubes were of the same length so that the 
two clicks reached the eardrum simultaneously, there was an increase 
of loudness corresponding to a doubling of the sound intensity. But if one 
of the tubes was changed in length, the loudness decreased strikingly and 
on the average reached a minimum value for a change of 21 em. When 
the tube length was further altered there was an increase in loudness 
until the original value was reached once more at 42 cm. Thereafter 
there was a further weakening of the sound, though not to the same 
extent as before. ; 

‘These phenomena depend upon the fact that the eardrum is a resonant 
system with a natural frequency of about 800 eps and with moderate 
damping (Tróger). When exposed to a series of damped waves, as in 
a click, all these waves are involved in producing the loudness that is per- 
ceived, because a complete building up of loudness requires more time 
than the action time of one single damped wave, so that several of the 
damped waves add up in the action. If there is a time difference between 
two successive clicks equal to half the periodicity of the natural vibrations 
of the eardrum, which is about 21 cm of wavelength in this instance, the 
vibrations are largely canceled, and there is a reduction of loudness. 
This effect recurs periodically for a tube distance of 42 em. As the time 
difference is increased the reduction of loudness becomes less, because 
the cancellation effect is taking place for a smaller number of vibrations. 
The adjustments of the tubes by which the loudness changes are pro- 
duced are independent of the intensity of the clicks. 3 : 

The direction in which the fused click image is perceived is somewhat 
modified by these effects of the eardrum, but the character of the image 
is not altered, If the change in loudness is great, it must be produced by 
transient vibrations of the telephone diaphragm and not by the eardrum. 

The circuit shown in Fig. 8-9 was adjusted by using 5: and operating 
all the phones with the same polarity so that the loudness was equal in 
the two ears for both tube systems. Then each pair of tubes was set in 
such a way as to give a sound image in the mid-line. When both systems 
were switched in at the same time the fused image remained in the mid- 
line. This did not occur when one of the images was displaced relative 
to the other, as could be done by changing the length of both tubes of one 

air by the same amount. 4 
j RERET was adjusted to give an image at the break point on 
one side and the other pair was adjusted to give an image at the break 
point on the other side. Then when one of the pairs of tubes was altered 


in length the fused image moved from one break point to the other, just 


as in ordinary perceptions of sound direction. Hence the temporal 
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distance between the two break points was the same as in ordinary 
directional hearing, and there was nothing in the situation to show that a 
fused image was present. Moreover, the displacements of the fused 
image were proportional to the adjustments of the pair of tubes. If the 
two images were not located at the break points of the sound path but 
were placed a short distance from the mid-line and were symmetrically 
situated on the two sides, the fused image moved continuously from one 
of these positions to the other as the length was altered for one pair of 
tubes. The necessary variation in the tube length was again 2h. 
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FiG. 8-14. Schema to show the temporal relations bet: i i » mid- 
line and one at the break point. eye gee ee nid 


. The precise temporal relations between the addition of a sound image 
in the median plane to one situated at the break point. on one side are 
shown in Fig. 8-14a. Here each click is represented by a large arrow on 
the time line, a black arrow for the left side and a white arrow for the 
right. The upper time line relates to the upper pair of tubes, in which 
the two clicks were applied simultaneously so that the sound image 
appeared in the middle. In the lower pair of tubes the click on the left 
appeared earlier, and the sound image was perceived on the left side. 
When both systems were switched on together, the image was perceived 
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on the left at the break point, because the median image appeared rela- 
tively late and was masked by the lateral one. When the median image 
was displaced, as indicated by the dotted arrow, the fused image 
remained on one side until the temporal separation of the two clicks on 
the left (indicated in black) amounted to 1.5k, when it began to show a 
displacement. This process was continued in regular fashion until the 
displacement reached 2k, and from there on the image remained in the 
middle, beeause then the middle image was the first to appear and it 
masked the lateral one. 

Ordinarily the beginning of the movement was sharply perceived and 
reproducible, and so was the end when the displacement reached 2k. 
This was not always the ease because the middle image could be made 
prior by a considerable amount without any movement being produced, 
and then suddenly, without any outside influence, it jumped to the 
position that it would have occupied by the regular form of movement. 
After a little practice most subjects were able to produce or to prevent 
this jumping voluntarily. In Fig. 8-14b the crosshatched rectangles 
represent the temporal regions in which it was usually easy to produce a 
jumping back and forth of the fused image by a temporary inhibition of 
one image. If the middle image was moved into the crosshatched 
rectangle at the upper right, the sound image moved from the break 
point on the left a little toward the middle, whereas for the cross- 
hatched rectangle on the left the image jumped from the middle toward 
the left. There were no loudness variations when these jumps occurred, 
but the character of the image was somewhat altered, though only to an 
extent corresponding to the change of direction. In the region between 
the two erosshatched rectangles the image moved in a perfectly regular 
fashion. ; 

This obscuring of certain phenomena produced by a wandering of the 
attention was especially common when the subject concentrated upon 
one experience and the other was introduced gradually. The effect is 
well known in psychology. It always occurs when several items are 
perceived at the same time. Sometimes a grouping of the items is not 
possible, and one or several of them are left out. Whenever the com- 
pound is familiar, certain items necessary for its completion may be 
supplied voluntarily. Thus Stumpf (4) noted that, in the synthetic 
production of speech sounds, when the correct intensity relations of 
certain tonal components have not quite been obtained, the complex 
nevertheless takes on the character of a speech sound, though soon 
afterward the composition disintegrates of itself. — ‘shed 

In the experimental situation, where sound directions were establishe 
by means of time differences, the sound image was always perceived 
at a particular distance from the head, depending on the sound intensity. 
In actual hearing, the distance of the sound is determined by other 
conditions, and the components discussed above are suppressed. 

The extent to which particular components can be enhanced or sup- 
pressed through familiarity with a phenomenon is best indieated in 
Measurements of intelligibility in a communications system. If verbal 
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material is broken up into isolated syllables a serious distortion will 
result in a false understanding of as much as 30 per cent of the syllables, 
whereas if the material is presented as continuous text it will be perfectly 
comprehended. 

Familiarity has the further effect of making it diffieult to acquaint a 
person with a new combination of elements after he has already expe- 
rienced these elements in another form. 

When a noise is heard and is located to one side the direction seems 
precise and unitary, in spite of the fact that the low frequencies in the 
noise have a different direction from the high frequencies and always fal! 
in the mid-line. Thus there must be several neural centers that deter- 
mine the direction, and all of these determinations are finally brought 
into line by a higher center. 

In favor of this view is the phenomenon of suppression, as just 
described, for only in this way is it possible to account for the fact that 
certain directions are ordinarily left out of consideration in the complex. 
It would be diffieult to understand this sort of suppression if the direc- 
tions themselves were not fused but instead the fusion came about by the 
convergence of the first two excitations to produce a single direction, 
thus altering the magnitude of the excitation in the two ears. 
In this connection it is clearly necessary that the various excitations shall 
at the outset be directed into the proper neural channels. This is 
possible, because a certain neural set is always present during the listening 
to a series of clicks. It is especially desirable to present one image first 
and then to bring in the second, for then it is possible to suppress one or 
the other. 

If the two images are presented simultaneously and are made equal in 
loudness, then it is common to perceive a fused image in the middle 
between the usual two images. If the two are not simultaneous, 
then the second will be suppressed in exactly the same way that in ordi- 
nary directional hearing the second of two stimuli in the two ears is 
suppressed. There is complete suppression if one of the images leads 
the other by the interval k. 

Consequently the two directions represented in different nerve centers 
are united in the same way that the excitations in the two ears are. 
Moreover, this sort of fusion of excitations seems to be a general char- 
acteristic of the nervous system and not one peculiar to the perception 
of the direction of sounds. Klemm described the same sort of phenomena 
for pressure on the skin. 

In order to obtain the relative latencies of the different kinds of sound 
images, a special schema will now be developed. Thus it is possible 
that after certain neural elements are excited an effect remains for a time, 
and during this time another impression cannot be received. ‘Thus we 
can conceive that the characteristic of direction arises when the excita- 
tion produced in one ear passes through a certain sharply restricted region 
of the nervous system at a final rate and tunes up the cells there to the 
particular direction. If all the cells of the region are tuned up by stimu- 
lation from one ear, the sound image is perceived in its extreme lateral 
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position. This occurs if the sound in one ear leads that in the other ear 
by 2%. If the two sounds are applied simultaneously, the group of cells 


is affected in different ways by the two exeitations, and the two excitations 
fall in the middle of the cell group, whereupon the transmission of the 
excitation stops and the cell group ean transmit | 


its directional relation to a higher zone. The 
upper sketch of Fig. 8-15 represents the rela- 
tions when the excitation in the right ear, shown 


by the white area, is earlier by 26 than that in 
the left ear, shown by the black area. Aceord- Fr ignit ul 
ingly the point of contact of the excitations 
on the two sides is displaced from the middle 


YY 
by 6. 7] 
Let us further assume that the displacement 70, 


of the sound image from the mid-line along the 


| 
rectilinear path can be determined by the excess | 28 e | 
of stimulated cells on one side relative to the k—kt —> 
other, as compared with the total number of Fre. 8-15. Schema showing 


sti ated cells. T r sketch the bilateral stimulation of 
stimulated cells. Then from the lowe AL aeons tit doténtines 


of this figure, where the excess is represented Sent ditection, 
by the crosshatched area, we can see that the > > k 
displacement from the mid-line increases in proportion to the time differ- 
ence up to the point where ô= k/2. For this displacement, which 
corresponds to a time difference of At = k, the crosshatched area has 
spread so far from the middle on both sides as 
to occupy the whole elevated portion of the 
figure. From this point on, the displacement 
of the image slowly increases, because a given 
extension of the crosshatched area slowly in- 
creases its area until for a displacement of 
ô= k (resulting from a time difference of 
At = 2k) there is no further displacement. 
When we consider the limited displacement 
| beyond the break points, represented here by 
| making the height 0.35 of that in the middle, 
| | then the shifting of the image corresponds 


exactly to what is observed. ; 
In Fig 8-16 are represented the different 
l | bilateral conditions of excitation corresponding 


M 41——-5-] to the location of the sound image in the 
a : middle, at the left break point, and at the right 


Fic. 8-16. Forms of bi- break poi 
; ren int. s > ling 
lateral excitation for differ- It nahe that when the image is in the 


ent directions of a sound. middle it ean be displaced to one side by a time 
k, reckoned from the beginning of excitation iore group of cells, whereas 
an image at one of the break points requires 39k from the beginning of 
excitation. The difference of k/2 could be verified experimentally, for, 
as shown in Fig. 8-14, the region in which jumping occurred was sym- 
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metrieally disposed about a point that followed the application of the 
first click by k/2 for the lateral image. 

When the lower pair of tubes was used to locate one sound image at the 
break point on one side and the other image was located at this point on 
the other side, and when by adjustment of the upper pair of tubes the 
fused image was located at the break points, it was found that the break 
points were later shifted by k/2, relative to the first incident click of the 
upper tube pair, if the lateral image in the upper pair of tubes was 
complicated by the presence of a central image. 

Thus the middle image and the lateral image at the break point arose 
at the same time if the middle image of Fig. 8-14 was located at the cross- 
hatched axis. 

The latency 7 of an image of any direction depends upon the first 
incident stimulation, and is given by the meeting point of the two 
excitations, i.e., in Fig. 8-15 by k + à where 6 = 14 At, hence 


r=k+Wat 


A simple fusion of the directions of the images occurs if they arise at 
the same time, for then there is no mutual suppression. When the 
remaining extent of the two excita- 

' tions is equal to the total length of 

the cell group, the moment at which 

the excitation appears over the 

(a) whole length remains the same if 


pene er gene the one exeitation is advanced by 
the same amount that the other is 
retarded. Thus if there is a lateral 

& image along with one in the middle, 

| the first click belonging to the 

! lateral image must be earlier by 

ae ipic At/2, and the second must be At/2 
later than that of the middle image. 


ees Then, as Fig. 8-17 shows, the time 
Fig. 8-17. Schema showing that the difference between the two suc- 
fusion of two equal and simultaneous cessive clicks in one ear, shown by 
images is equivalent to a single image the black arrows for one ear and 
halfway between the two. by the white arrows for the other 
ear, must be equal in the two ears. 
The chronological order of the various clicks in Fig. 8-17a and b is the 
same. If we use the obvious law that two images with the same direc- 
tion do not show any change of direction when they fuse, then this will 
not be true if they do not arise at the same time. When there is mutual 
suppression of the image no change of direction appears; hence the two 
figures show that the fusion of two equally loud and simultaneous images 
can be regarded as a single image halfway between the two. Accordingly 
the time difference between the two equal images in Fig. 8-17 is equiva- 
lent to the mean of the two time differences in Fig. 8-17a. 
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To test this point experimentally, the two sound images were given the 
same temporal characteristics by adjusting the two tube systems (as 
shown in Fig. 8-9). To do this the two inside tubes (for example) were 
switched out, and the remaining pair of tubes was adjusted as necessary 
to bring the sound image to the mid-line. Then if the two inside tubes 
were switehed in once more the upper and lower tube systems were 
adjusted to give an image in the mid-line. Hence all four stimulations 
were simultaneous. If then, proceeding from this setting, one tube of a 
pair was lengthened by the same amount that the other was shortened, 
the temporal equivalence was maintained. 

The measurements were carried out by introducing first the median 
image, then adding the lateral image, and finally taking the median 
image away. The resulting shift depends upon the separation of the 
two different images, as shown in Table 8-2. 


TABLE 8-2 
Shift from the 
Shift from the combined image 
mid-line to the to the lateral 
Subjeets combined image image 
Lo nanc NM E ee, 
1 0.533 0.400 
2 0.536 0.462 
3 0.502 0.571 
4 0.500 0.598 
5 0.462 0.540 
6 0.538 0.432 
Mean value 0.512 0.499 


MEN E 1 U Ml ue d 


If in the other tube system also one tube was lengthened by the same 
amount that the other was shortened, two simultaneous images appeared 
at certain directions and united to form a single image in the median 
plane. Still, the variations were usually limited to one side, because the 
displacements on the two sides necessary to produce the same time vari- 
ations were often different. 

This simple fusion of images ean oceur à 


different, as Hornbostel has shown. ie 
When we consider the fusion of two images whose temporal conditions 


are different, four types are possible. Thus it may happen e one pf 
the two images is completely obscured; this happens w er yan 
earlier than the other. Then when there is à simultaneous 8 fing 3 
the upper and lower tube systems no change of direction occurs, althoug) : 
the timbre is altered somewhat. vn cape rt nr 
favored if one of the images is e weal ian t 
raised to the point of equal loudness. The two types of pheno L 

i i represented by the black dots in the two 
appen datae of RR the fusion of a medial image and one 


at the left break point. 


lso when the images are slightly 
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It was found also that the two pairs of clicks could be combined in two 
different ways to form two sound images, as already shown in Fig. 8-17a 
and b. The appearance of one combination or the other could be 
favored by shifting the two clicks together or moving them to and fro. 
If there was no noticeable difference in timbre between the two clicks, 
this procedure worked well, though not in every trial. For the most part 
the transition from one type to the other occurred suddenly, without any 
particular reason. It was often helpful to vary the timbre of the two 
clicks by inserting condensers in parallel with the phones. Then after 
the preliminary adjustments of the circuit had been made these condensers 
were gradually reduced in value. 

If the click was heard in the manner indicated in Fig. 8-17a, the fused 
image moved from the left break point toward the mid-line and then stayed 


(a) (5) 
(e) (a 


Fia. 8-18. Types of fusion of two sound images. 


there. But if the perception was that indicated in Fig. 8-175, a shifting 
of the upper pair of tubes eaused the image to move through the mid- 
line to about half the distance of the break point toward the right and then 
turn back toward the middle and stay there. In order for the fused 
image that was going away from the mid-line to be turned around so as 
to approach it once more, it was necessary for the upper pair of tubes to 
be shifted by an amount approximately equal to k. These two types of 
phenomena are represented in Fig. 8-18c and d. 

The displacement of the combined image on the right side, which at 
first seemed incomprehensible, can readily be explained if in Fig. 8-14 
we consider the medial sound image of the upper pair of tubes in the 
left position as indicated by the crosshatched arrows. In the fusion as 
represented in Fig. 8-175, one sound image, produced by the middle pair 
of tubes, appeared at the break point on the right side, and another 
image appeared at the extreme lateral position on the left. As may be 
seen in Fig. 8-16, the extreme lateral image arose later, by the time k/2, 
than the image at the break point did. Hence it partly obseured the 
image on the left, and the fused image appeared on the right. If the 
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upper pair of tubes was shifted further, the time of appearance (latency) 
of the left image was not altered further, because it followed the appear- 
ance of the first excitation by the time 2k, and the whole group of cells 
was affected. For the image on the right, however, the latency increased 
from 1.5% (for a tube shift of 0.5%) to the same value of 2k as for the left 
image, so that then there was no mutual obscuring of the image and the 
combined image appeared in the mid-line. 

The nature of the combination of clicks can be judged to some extent 
by the timbre of the fused image. If the median image obscured the 
lateral one, the fused image seemed brief and impulsive. On the other 
hand, if the form of perception was that of Fig. 8-175, the image seemed 
diffuse and not so impressive. 

It was found that two images at the most extreme lateral positions on 
the two sides of the head could be altered by simultaneous adjustments 
of their temporal relations in just the same way as may be done with two 
uniaural images. ‘This fact indicates that so far as directional hearing is 
concerned there is no difference between an extreme lateral binaural 
image and a uniaural one. 

A uniaural image was produced by switching off one of the phones 
shown in Fig. 8-9, and simultaneously a binaural image was presented 
at the extreme lateral position. When the unilateral image was tempor- 
ally displaced, the results were exactly the same as in ordinary directional 
hearing. The fused image appeared in the mid-line if the first two clicks 
Were presented simultaneously to the two ears. i : 

The only phenomenon that could not be observed without difficulty 
in the fusion of two images was the displacement of the images beyond 
This is true because the combined image is 
significantly larger and less precise in its boundaries than the image 
experienced in ordinary directional hearing for faint stimuli. m 

Image Displacements for Unilateral Changes of Loudness. I Kr 
the arrangement of Fig. 8-1 the sounds to the two ears were made equa 
in loudness and the tubes were adjusted so that the sound image was 
exactly in the mid-line, then a gradual increase in sound intensity in 
one of the phones produced a continuous displacement of the image E 
the mid-line to the side where the intensity was the greater. As jg 
disparity in loudness was inereased, the image moved farther coim © 
until finally it was completely lateralized and was indistinguishable from 
a uniaural sound. The transition from a binaural sound ean to d 
uniaural one was difficult to observe, because as the loudness grad 
increased the image increased in size and lost its sharp tna mA den 
the smaller displacements from the median plane were a ide nn 
This continuous displacement of the sound image qu — DE 
ness disparity was found in all subjects if care was ta d if iro clicks 
ation of timbre accompanied the intensity changes, an t RE at to 
seemed alike in all respects on the two sides. > i ced ze 
make the two phones alike, but account had to be ta ve. d E! rd 
in the acuity of the two ears. The variation of ^ed i the > rs 
frequency had to be considered, and any inequalities of the iji 


the two break points. 
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were compensated by introducing the proper amounts of attenuation 
at the phones. 

Yet even when the clicks had been made exactly equal in the two ears, 
the image often did not move steadily away from the mid-line, but as the 
disparity of loudness was increased gradually, the image first remained 
in the mid-line and then suddenly jumped over to the proper position. 
Much the same thing happened when a click was introduced into one 
ear and then the other ear was stimulated with the same click at an 
intensity that was gradually raised above threshold. The image was 
perceived on one side for a time, and then it jumped to an intermediate 
position. For the most part, however, this suppression of the weaker 
unilateral image did not occur, and the image moved continually away 
from the mid-line from the very beginning. 

If an intensity change led to an alteration of the timbre, or if the 
effects of the sound were different in the two ears, then an increase oí 
sound intensity on one side finally produced a splitting of the image. 
This splitting might be complete or partial. On the side where the 
intensity was the greater a uniaural image was perceived, and in addition 
there was a binaural image whose position varied with the loudness 
disparity. 

The question arises as to how the displacement of the image comes 
about when the intensity is increased on one side. First of all, it is 
possible that the velocity of nerve conduction depends upon the sound 
intensity, and in this way an intensity increase produces a time difference 
between the two excitations. However, this factor cannot operate for 
conduction within the group of cells that serves for the determination 
of sound direction, because as the loudness increases the velocity of 
transmission may become smaller; the time 2k, which is necessary for the 
alteration of the entire group, increases with the sound intensity. Hence, 
in general, the stronger stimuli come in later and lose their effectiveness. 
Actually, it was indicated that for subjects with nearly constant k the 
same unilateral increase in sound intensity produced larger lateral dis- 
placements than for subjects with variable values of k. 

Hence we can only be concerned with changes in the velocity of nerve 
conduction along the path from the basilar membrane to the cell group 
that determines the perceived direction. Now it is known that no change 
of direction is perceived for time disparities in tones above 3000 cps. 
For these tones the sound always remains in the mid-line, as long as the 
loudness is equal in the two ears. Hence a change of nerve velocity 
cannot have any effect upon the direction. For a click, on the other 
hand, a change in the latency of the nerve endings and of velocity of 
conduction has a significant effect upon direction. The voltages of the 
oscillators of Fig. 8-1 were chosen so that when switch S was operated 
there was equality of loudness for three types of sounds: a tone above 
3000 eps, a noise, and a click. Then a median range was obtained for 
equal bilateral stimuli. When the sound intensity was raised on one 
side by adjusting one of the attenuators, practically the same displace- 
ments of the image were observed for all three types of sound. 
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Hence the changes of direction produced by loudness disparities are 
not to be attributed to the production of time disparities. Rather, they 
arise directly from relations of magnitude of the excitations. 

This fact could be demonstrated particularly well by the use of a tone 
above 3000 eps that was modulated at a rate of 100 per second. For this 
purpose the circuit of Fig. 8-19 was used. The oscillator Gs worked into 
the two attenuators b; and b», and switch S was used to set up equality 
of loudness in the two ears. Oscillator Gi, whose frequency was about 
100 cps greater than that of Gs, was allowed to beat with G» to give a 
beating tone whose amplitude variations (the degree of modulation) 
could be adjusted separately for the two ears with attenuators B; and 
Bo. The bridge circuit, in which Z was made equal to the impedance of 
the attenuators, was used to prevent any interaction between the two 
oscillators. 


Fig, 8-19. Arrangement for observing changes of direction in beating tones. 


If the modulation was gradually increased in the two ears in the same 
manner, a value was reached at which most subjects clearly perceived 
an unmodulated tone that remained in the mid-line, and at the ane 
time they heard a completely modulated tone whose location varie 
according to the tube length. A few subjects did not at en any 
splitting of the image but observed a single one that wit sen 
GEN (for a constant time disparity) moved ever farther away 
rom the mid-line. f 

If then me eet: was increased a certain amount in the left ear, 
the modulated tone (for equality of time relations) moved to the left, 
while the unmodulated tone remained in the mid-line. If at = n 
the over-all intensity was reduced in the left ear by the same xpo y 
which the modulation was increased, the modulated tone appeared in 


exaetly the same place as before. The unmodulated tone then moved 


t i j re unable to separate the two tones, 
Ke fone T c and then as the intensity 


the tone first of all shifted markedly hr a 

was reduced it moved somewhat to the right. _ 4 
If at first the over-all intensity was increased in the left ride UL 

lated tone moved to the left. Then if the modulation was reduce j 
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left by the same factor by which the intensity was inereased, the modu- 
lated tone seemed again to be exaetly at the mid-line. If there was no 
splitting of the image, there was still a little deviation to the left. This 
deviation became smaller as the modulated tone was made larger relative 
to the unmodulated one. 

These studies show that the direction of a fully modulated tone is 
independent of the over-all loudness. It is only important that the 
amount of modulation be exactly equal in the two ears. The unmodu- 
lated portion of the experience then does not play any role, though the 
two portions truly are propagated as a whole to the locus where direc- 
tional hearing is produced. It is there that the splitting up of the image 
may occur. 

Attenuators B; and Bs as shown in Fig. 8-19 were connected each to 
separate oscillators Gi and Gy’ and were given frequencies about 1 cps 
apart in the region of 100 cps. Then the attenuators were adjusted so 


1.0 


0 20 40 60 80 
Level obove threshold, db 


Fro. 8-20. Compensation for a time difference by means of an intensity difference, at 
various levels above threshold. 


that the amplitudes of the beating tones were equal, and it was observed 
that when the loudness was equal in the two phones a regularly rotating 
tone was produced. This rotating tone was accompanied by a tone of 
3000 eps that was beating at 100 cps, moving in a circle about the head. 
This tone had only a very small amplitude, so that a difference tone of 
100 cps arising from the nonlinearity of the ear could not be large enough 
to reach the threshold of audibility. Also the combination of one tone 
of 100 cps and another of 3000 eps modulated by 101 eps did not produce 
a rotating tone. Hence the same neural elements that mediate 3000 cps 
must transmit these rapid intensity variations of the 100-cps tone, a 
periodicity that already possesses a tonal character. This fact is of 
interest in relation to the principle of specific energies of nerves (E. 
Meyer, 2). 

It is thus established that for directional hearing with a unilateral 
increase in sound intensity the inequality in the magnitude of the excita- 
tions of the two ears is determinative, for in these instances, with the 
temporal relations in the excitation held constant, there must be con- 
siderably more cells in action on the side of the greater stimulation, up 
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to the place where the excitation on the two sides is combined. It is 
possible to compensate for the change in direction produced in this man- 
ner by giving priority to the weaker stimulus. If the priority is great 
enough that the same number of cells is involved in the two excitations, 
the sound image remains in the median plane. 

It is now possible to determine the magnitude of the time difference 
that will compensate for a given unilateral intensity difference and the 
variations with the intensity of the excitation at the place where the 
effects in the ears are combined. Thus if the intensity in one ear is 
increased a given amount while the sizes of the regions of excitation in the 
two ears remain equal, the sound in the other ear must be advanced in 
time by an amount that is inversely proportional to the excitation. 
Results are given in Fig. 8-20 for two subjects for which the value of k 
did not change appreciably with sound intensity. The curves show the 
time difference At (expressed as a ratio to the value of k), which was 
necessary to compensate for a unilateral sound pressure increase of 
8.7 db, as a function of sensation level over a range of 70 db.* 


PERCEPTION OF THE DISTANCE OF A SOUND SOURCE} 


The auditory perception of space is a problem that is well known in 
psychology and that has had extensive study (Hornbostel, 3). Espe- 
cially in recent years, with the development of radio, the phonograph, and 
Sound films, it has taken on great technical significance (Fletcher, 4). 
The problem shows two aspects, the perception of the direction of sounds 
and the perception of their distance. For binaural hearing Hornbostel 
and Wertheimer showed that for tones of low and intermediate pitch and 
for clicks the direetion is determined mainly by the time difference in the 
incidence of the sounds at the two ears. For higher tones the direction 
is determined by binaural loudness differences. In ordinary telephonic 


communication systems these directional cues are absent, for they would 
However, an impres- 


require a separate transmission line for each ear. | P 
sion of distance is present even for single transmission to one ear, and it 
contributes greatly to the lifelike quality of a sound. fi 

A number of variables have been found to contribute to the perception 
of the distance of sound, yet it has not been possible to specify the physical 


Influence of Loudness on Sound Direction. The existence of a number 
of special physical attributes determining the perceived distance of a 


sound becomes obvious on listening 
tone of 3000 eps in a moderately dam 
the click seems small and sharp 


the source seems to remain stationary. ; a 
the tone is diffuse, and when listened to with one ear it seems to move 


he original article have been omitted. They contained 


based on the assumptions of Fig. 8-15.] 
Pi Bibliography. Published in 1938. 


* [Here pages 865-868 of t 
a theory of directional hearing 
t Article 29 as listed in the Authoi 
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exactly as the head moves. For a continuous tone of 3000 cps there is 
no distance localization that is related to the actual distance. 

A change in the loudness of the click has little effect upon its apparent 
distance. For the tone, however, despite the fact that an actual spatial 
localization is absent, an inerease in loudness produces a clear reduction 
in the distance of the diffuse image. "Thus it seems that loudness has 
an effect upon the perceived distance only in the absence of other more 
determinate physical cues. 

Effects of Room Acoustics. In radio broadcasting it is well known 
that a listener in front of a loudspeaker can judge with considerable 
accuracy the distance of the speaker from the microphone (E. Meyer, |; 
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Fra. 8-21. Apparatus for the determination of perceived distance for various proportions 
of direct and reflected waves. 


Maxfield; I. Steinberg and Snow; Rabinovich). The greater the distance, 
the more reverberant are the sounds and the farther behind the loud- 
speaker the sound image seems to be. This distance effect is further 
increased if the room is reverberant. The distance between the speaker 
and the microphone mainly affects the ratio between the sound reaching 
the microphone directly and that reaching it after reflection from the 
walls of the room. The perception of the distance of a sound in a room 
thus seems to depend upon this ratio, 

To investigate these phenomena an arrangement was used as shown 
in Fig. 8-21. On the left is a small damped room that is separated from 
a large reverberant room by a layer of cotton 15 em thick. So as to 
obtain a high degree of absorption of the low tones without making the 
cotton layer too thick, the walls were first covered with a sound-absorbent 
sheet and then the cotton layer was placed over this, As a result, 
the damped room gave practieally a direct sound field. As this field 
penetrated the damping wall it encountered the undamped area, and 
there a prolonged reverberation arose. If the dividing wall was given 
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a sound attenuation of 20 db, the sound going back from the reverberant 
area into the damped room could be neglected. Hence to a first approxi- 
mation the direct sound impinged upon microphone M, and the reverber- 
ant sound upon microphone M». The two voltages were conducted 
through amplifiers to a potentiometer arrangement P that could be 
adjusted to give any desired relation of the two sound fields in the 
electrodynamie receiver. The two 
amplifiers were adjusted so that 
the two sound fields seemed equally 
loud, and also amplifier 2 was pro- 
vided with a filter network that 
compensated for the frequency 
selectivity of the dividing wall. 

If a speaker was stationed 10 em 
from microphone M, and potenti- 
ometer P was moved downward, 
the loudness of the sound remained 
constant, but the component from 
the  undamped room became 
greater. Asa result, a listener had 
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Increasing the reverberation > 


Increasing the separation 


the impression that the speaker 
was moving farther away from his 
ear. Along with this increase in 
distance there was an apparent 
increase in the size or vibrating 
surface of the sound source, as in- 


of sound source and microphone — 


Fic. 8-22. The change in apparent dis- 
tance when listening through a micro- 
phone system as the result of increasing 
the reverberation and increasing the 
separation of sound source and micro- 


phone. 


dicated schematically in Fig. 8-22. gum 
For the direct sound field the source seemed to be extremely small an 


to have great density, whereas the reverberant field had a more diffuse 
character, ; ha 

The reverberant field consisted actually of reflection patterns arising 
at the walls. Because these reflections were at considerable distances 
from the sound source, the reverberant field also seemed well removed 
from the actual source. If now the direct sound field was made to over- 
lap the reverberant field, then one field or the other became paramount 
according to the loudness relation, and a characteristic distance for the 
sound image was associated with each relation. Yet this sort of varia- 
tion of the sound image does not represent a true perception of distance; 
it corresponds merely to a mixture of close and remote sound images 
both of which have already been determined by other cues. 

Though this alteration in the ratio between direct and reverberant 
fields can indeed be used to produce the perception of a moving sound 
image, this ratio is not the basis of auditory distance. This is true 
because in a free space or in a completely damped room the sensation of 
distance is present and, in fact, is even more distinct and of much greater 
extensiveness than elsewhere. If in Fig. 8-21 the sound source is shifted 
to the position S; at a distance 40 cm from microphone M » the listener 
experiences a much more definite displacement of the sound image in the 
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receiver. Then, as the lower sketch of Fig. 8-22 indicates, the apparent 
size and density of the sound image remain constant, provided that the 
loudness is not changed. 

Phenomena Giving Rise to Sensations of Distance. In the quest for 
the stimulating conditions giving rise to sensations of distance, it was 
first shown that the ponderomotive [static] forces that may be exerted 
upon a vibrating membrane like the eardrum by a sound source are of 
no significance. For if a negative pressure was exerted upon the ear- 
drum, as by swallowing with the nostrils closed or by having the sound 
source in a decompression chamber, there was no reduction of the sensa- 
tion of distance. Also no changes appeared when air-pressure oscilla- 
tions of ten per second were superimposed. The fact that the sensations 
of distance remained even when the sounds were transmitted through a 
microphone showed that the static forces do not play any role. 

It is further conceivable that the perceived distance depends upon a 
greater time delay for the reflected wave in its passage from the source to 
the head. To study this possibility a narrow tube was used to conduct 
the sound into a strongly damped room, and by listening with one ear 
the distance of the sound image was judged. If now a reflecting partition 
was placed behind the opening of the tube so as to enlarge the reflections 
between the head and the sound source, there was no effect as long as the 
sound intensity was kept constant. 

It was more difficult to prove that the entrance of sound waves into 
the skull and their reception by bone conduction did not play any part. 
It was found that when the ears were completely occluded and the sound 
pressure was increased to compensate for the diminished acuity a certain 
degree of distance perception was still possible. This effect was espe- 
cially convincing in a person whose external auditory meatuses were com- 
pletely closed on both sides because of congenital deformations, though 
the ears were otherwise normal. Also the perception of distance could 
be demonstrated in some degree in persons who had lost both eardrums as 
a result of an operation. If the intense sound of an electric spark was 
listened to in a damped room when the ears were held closed with the 
fingers, there was a firm impression of a wave of pressure passing through 
the skull, and this was especially referred to the teeth. 

The following arrangement was used to show that the sound field in the 
vicinity of the head is not necessary for the normal perception of distance, 
and that only those vibrations are important that enter the external 
auditory meatus. One ear, as shown in Fig. 8-23, was connected to a 
metal tube 100 cm long and 2 em in inside diameter by means of an air- 
tight rubber coupling. The other ear was closed. The metal tube was 
filled with loose cotton so as to prevent reflections and thus to give a 
simple traveling wave. It was found that on listening with such a tube 
the sensations of distance were present. The distance of the sound 
source from the end of the tube determined the perceived distance. It 
follows that the stimulus cues determining the perception of distance are 
transmitted through a damped tube without alteration. 

If the sound source S; was approached with the end of the tube, the 
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sound source seemed to insinuate itself into the external meatus. "Then 
when there was a further shift from S; toward the head it moved farther 
away once more. If the sound source was placed as close as possible 
to the head, there were two sound images, one corresponding to the dis- 
tance of the source from the end of the tube and the other corresponding 
to the sound image obtained with both ears closed. By temporarily 
closing the end of the tube these two images were readily distinguished. 

Effect of Microphone Stiffness on the Transmission of Directional Cues. 
If the sound source is a radiator of zero order, which is an expanding and 
contraeting sphere, then the sound pressure decreases in proportion to 
the distance and is independent of frequency. If a microphone acts as 
à pure pressure receiver, then a change in the distance between it and the 
source can affect only the magnitude of the microphone current. If this 
change is compensated for by amplifieation, then distance changes eannot 
affect the microphone current at all. It is therefore to be expected that 


Fic. 8-23. Arrangement to prove that the sensation of distance is independent of 
Sound intensity around the head. 


for a microphone that acts as a pure pressure receiver there will not be 
any changes of apparent distance as long as the loudness is kept constant. 

On the other hand, it is well known that a vibrating sphere produces a 
sound field in which the particle velocity of the air molecules has a phase 
angle relative to the sound pressure, and the size of this angle varies 
with the frequency and with the distance from the sphere. This is the 
only characteristic of the sound field that varies with distance, and 80 we 
may expect it to be the basis of distance perception. A etin P 
System must be able to reproduce the a for on to the extent that 
it can represent the velocity pattern of the sound held. 

To sus this problem, the arrangement of Fig. 8-24 was EA 
telephone receiver M, with a heavy metal case of 5 em diameter p e 2 
with an iron diaphragm of 0.8 mm thickness. Accordingly it ha keront 
stiffness when used as a microphone. A second microphone 2 0 
similar form was fitted with a diaphragm as thin as possible, only E mm. 
On listening at the electrodynamie earphone and ae M o 
amplifiers for equal loudness of the sounds from i is ss n 
it was found that sensations of distance were mediated by the anp i 
microphone M, However the sound image from the apt a eorhene 
M, always seemed of a diffuse character and remained at the ER p pr 
as long as the intensity was kept constant. N The difference betw - t 1 
two mierophones was especially noticeable if the loudness was change 
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by varying the amplification. The less stiff microphone showed little 
change of apparent distance, whereas the stiff microphone for the same 
variation of intensity exhibited a marked alteration of apparent distance. 
Here the distance at which the sound image was perceived depended 
merely on the loudness, and the normal cues for distance were absent. 
It appears, therefore, that a sensitivity of the microphone to particle 
velocity is a necessary condition for its transmission of directional cues. 
Seemingly opposed to this idea is the observation that sensations of 
distance are still present when the ears are closed with the fingers. 
In order to give the microphone the same sort of stiffness that is given to 
the ears by closing them with the fingers, microphone M, was immersed 
in a large vessel of water to a depth of about 1 em. The sensations of 
distance were still present, though somewhat reduced. It therefore 
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Fia. 8-24. Effect of microphone stiffness on the transmission of distance cues. 


appears that the ear is able to make use of an extremely slight amount 
of velocity sensitivity. 

Experiments with crystal microphones, which are sensitive to sound 
pressure only, showed an absence of distance perception when a single 
crystal was used. When a microphone was made of an assembly of 
crystal elements there was a limited perception of distance, perhaps 
because the framework containing the crystals was itself responsive to 
the particle velocity. 

Difference in the Reception of Sound Pressure and Particle Velocity 
for a Divergent Wave. ‘The relation between sound pressure and particle 
velocity is observed most readily for a vibrating sphere. In this class 
of sound sources we can include most loudspeakers and the human vocal 
apparatus when producing low tones, to a fair degree of approximation. 

In a spherical sound field the velocity potential ¢ depends only on the 
time £ and the distance r from the center of the sphere. The equation is 
dare = f(t — r/c), where f(t — r/c) depends upon the boundary condi- 
tions and c is the propagation velocity of sound. 


THE SPATIAL ATTRIBUTES OF SOUNDS 307 


If p is the density of the air, p the sound pressure, and u the particle 
velocity, we can determine from the velocity potential the values 


p = p d¢/dt, and u = — d¢/dr. Hence the sound pressure is 
P p T 
ax UE. =a 8-1 
f FR ( j (8-1) 


and the particle velocity is 


v Bi ( = ) + EIC a al (8-2) 


The physical meaning of the function f is easy to determine. If we 
consider the mass of air that is displaced by the sound source per unit 
of time, we find at the point of origin of the spherical wave (at the center 
of the sphere) that 

lim [4z7*u].so = S(O 


Therefore f(f) represents the momentary flow of air from the source. 
If at the time ¢ = 0 this current velocity is zero, then Eq. (8-1) can 


be written 
4rr f" 
( la ) Op 0 ga 


Then from Eq. (8-2) the particle velocity is 


t 
I (8-3) 
pe pr Jo 
It is then obvious that the pressure contains only the first derivative of 
the particle velocity, but the particle velocity contains the function P 
also. "The smaller the distance from the source, the more cnini is 
the function f. It is therefore to be expected that when a aer 
mierophone is used and listening is done with à receiver the ratio be od 
the two terms of Eq. (8-2) may be altered by differentiating or ung ing 
the microphone current. This ought to produce a change in the apparen 


distance of the sound image. £ 
To investi i “bility, the circuit of Fig. 8-25 was used. The 
To investigate ea conducted through the resistance- 


"urre reloei i hone was 3 1 
wipe bir er bottom of the figure. With switch U 


obtained if condenser C; and resistance Ry : a 
C; and Ry were given the usual values of a resistance-coupled amplifier. 


When the switch was in its middle position there was normal amplifica- 
tion. When it was in its lowermost position there was a «User t 
of the microphone current if condenser C; was given a sma bis ue. : 
Now the sound source was placed 50 cm from the microphone, an 
with the switch in its middle position the sound was 2j ca ea va 
fortable loudness in the receiver. The image was then localized about 
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50 em behind the receiver. At this distance the second term of Eq. (8-2) 
becomes very small. Now U was switched to its uppermost position 
so that there was an integration of the mierophone current and an increase 
in the magnitude of the second term of Eq. (8-3) corresponding to a close 
approach to the sound source. In aetuality the sound image in the 
receiver jumped from about 50 em to about 8 em from the ear. 

On the other hand, if the sound source was placed about 5 em from the 
mierophone, then when the switch was set for differentiation the sound 
image in the receiver receded from about 5 em to about 50 em away. 
These observations held equally well for speech, spark sounds, and a 
rattling tone. For tones and elangs there were usually no variations of 
distance. 

For successful results in this experiment it was necessary to have a 
well-designed transmission system. If any nonlinear distortion arose in 


Velocity 
microphone 
a 1 


/ 


Circuit for differentiation 
or integration of the 
microphone voltage 


Fic. 8-25. Circuit for studying the effects of differentiation or integration upon dis- 
tance cues. 


Receiver 


the amplifiers, for example, the resulting overtones were almost invariably 
localized in the immediate vicinity of the receiver diaphragm, and any 
major alterations of apparent distance were lost. If the diaphragm of 
the receiver was not properly damped, the transients produced by a click 
were sharply localized at the diaphragm, which likewise was greatly 
disturbing. These possible errors were checked by listening with the 
switch U, set for direct transmission. 

If a bone-conduction receiver was used instead of the receiver, the 
sensations of distance were still present if one ear was closed with the 
finger, thereby bringing the sound image to one side of the head. 

No differences in the magnitude of distance effects could be observed 
for radiators of zero and higher order. This is to be expected, because 
most radiators can be regarded as a combination of two radiators of 
zero order acting in opposite phase. 

Because a differentiation or integration of the signals has such a natural 
effect upon the distance phenomena, it seems that the important factors 
are the relative sizes of the two quantities f(t) (the flow velocity) and 
its first time derivative. Therefore no true distance indication should 
be present for a flow velocity that is the same as its first derivative, 
s(t) = f(D. It is especially to be expected that no true distance will 
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be observed for pure sinusoidal tones, because the phase shifts that appear 
as a result of differentiation are not perceptible to a single ear. This is 
easily proved on listening to a continuous tone transmitted by a micro- 
phone. If the source and microphone are in a different room from the 
listener, it ean readily be shown that the apparent distance of the sound 
is determined merely by the intensity in the receiver. For direct listening 
with one ear it is much more difficult to obtain clear results. If the 
proper distanee eues are lacking, any other available one will uncon- 
sciously be utilized. Thus if the sound source itself is held in the hand, 
it is only with the greatest difficulty that the sound can be localized else- 
where. If the acoustic sensations of distance are not sufficiently strong, 
the impression will be derived from tactual sensations of the hand. 
Hence it is essential that all other spatial sensations be suppressed. Of 
importance also are the various noises that arise from the equipment, 
in movements of the sound source, and in the manipulations of the 
experimenter. To avoid these noises a long tube of 8 mm diameter 
was used to conduct the sounds to the subject, who was blindfolded. 
The end of such a tube gives a close approximation to a radiator of zero 
order. In addition, the subject closed both his ears with the fingers 
while the sound souree was being moved and opened them only during 
the observations. To prevent disturbance from the transients of onset 
of the loudspeaker, continuous tones were used and were faded slowly 
on and off. (For the circuit, see Fig. 4-28). With these precautions the 
perceived distance of pure tones seemed to depend only on the loudness. 
A suitable variation of loudness could readily make the tone move from 
2to 50 cm. This was not possible for vocal sounds, for example. When 
the loudness was raised to 100 db above threshold the sound image for 
high tones seemed to lie immediately in front of the external meatus. 
Production of Sensations of Distance. Because continuous tones do 
not produce sensations of distance, it appears that only impulsive dis- 
turbanees of the air are effective. Only these give rise to distance 
cues, and there is no disturbance if a continuous tone is superimposed. 
The observations showed that of all sound sources the sound of an 
eleetrie spark in the open air or ina highly damped room was best local- 
ized. Such a sound arises because the air is suddenly made to expand by 
heating. In the upper part of Fig. 8-26 the temporal course of the volume 
increase AV is represented. The middle sketch shows the E 
ing velocity of air flow, and the lower sketch shows the pressure changes. 
For such a click the streaming velocity has an amplitude spectrum 
extending to the deepest frequencies, whereas for the euni the deep 
portion of the frequeney spectrum is lacking and there is on y a narrow 
band of frequencies depending on the time course of the volume pal 
sion. "Therefore a mierophone that is sensitive to velocity will pic : up 
low frequencies in the vicinity of the spark, whereas at a ace these 
frequencies are absent, for according to Eq. (8-2) only the first Sen 
of the streaming veloeity is effective there. Accordingly, soun ae 
containing brief bursts of low frequencies seem close at hand, and those 


containing high frequencies seem farther away. 
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To study these relations further, a velocity microphone was used to 
pick up speech sounds from a distance of 25 em. Then a bandpass filter 
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Fic. 8-26. The three curves represent, 
beginning on the top, the changes in 
volume, velocity of flow, and pressure of 


was introduced into this trans- 
mission system. When the low 
frequencies were transmitted the 
speaker seemed to be adjacent to 
the ear, and when the high fre- 
quencies were transmitted it seemed 
to be farther away, as Fig. 8-27 
indicates. The distance was indi- 
cated by placing the hand at the 
place where the sound source 
seemed to be. 

The oseillographie records of the 
click sounds, such as those shown 
in the upper part of Fig. 8-28, 
showed large vibrations of low fre- 
quencies when the sound source 
was close to the microphone and, 
as the lower part of this figure 
indicates, an absence of low fre- 
quencies when the source was far 


the air as caused by an electric spark. 
away. 


That slow vibrations cause the sound image to be brought close to the 
ear was shown also by listening to a speaker with the microphone at a 
great distance and then putting in parallel with the receiver a rectifier 
shunted by a resistor. If the resistor was large, there was no distortion 
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Fro. 8-27. The apparent distance of a speaker as a function of the frequency region of 
the transmitted band. The points represent the centers of bands one octave wide. 
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of speech and the speaker seemed far away, provided that the loudness 
was suitably chosen. If the resistance was made smaller, however, the 
slow vibrations were increased by the rectifier and the sound image came 
closer to the ear. It was necessary to avoid any production of difference 
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tones, for with high tones in particular they are often produced in the 
loudspeaker, and interfere with the perception of distance. 

'These results indicate that the following physiologieal conditions 
produce the sensations of distance. If there is an excursion of the stapes 
corresponding to the streaming velocity f(t) as indicated in Fig. 8-26, 
a traveling wave arises along the basilar membrane. This wave begins 
at the stapes and is propagated toward the helicotrema, where it subsides. 
The disturbance produced by a sharp click extends over the entire mem- 
brane, so that the timbre always has a certain deep character. The 


Neor 


Remote 


Fia. 8-28. Oscillograms of clicks that seemed near and far away. 


shorter the duration of the volume change, the smaller the displacement 
of the basilar membrane in the region of the helicotrema. This ar 
because this region of the membrane has a low natural frequency, an a 
click whose duration is brief relative to the period of vibration pro uces 
an amplitude equal to the ballistic deflection. The ponpon 3 Pad pum 
membrane in the vicinity of the stapes are tuned to a hig Sept 
however, and here the displacements can follow the instantaneous r zee 
of the stapedial motions. Thus it follows that when the duration of t 
click is shortened the vibrations of the basilar membrane are concentrate’ 


in the region of the stapes. : 

If the stapes executes vibrations 
8-26, the vibrations move more an 1 
ballistic deflections produced by these vi 


of the form f’(t) as indicated in Fig. 
d more toward the stapes because the 
brations are zero for the deeply 
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tuned portions of the membrane. Since a distant sound image arises for 
this type of vibration, it follows that the sound image appears farther 
away accordingly as the basilar-membrane movement is limited to the 
region of the stapes. If the portions of the membrane near the helico- 
trema were also involved in the response to a brief thrust of the stapes, 
the sound image would approach closely to the ear. Hence the sensations 
of distance are determined by a change in the location of the basilar- 
membrane movements for a brief thrust of the stapes. If the vibrations 
come close to the helicotrema, then the sound image comes close to the 
ear. Thus the position of the vibrations of the basilar membrane are in 
a sense projected into external space. When the vibrations of the sound 
source are of a complicated nature, the distance is determined principally 
by the first instantaneous displacement, and the continuous vibrations 
are of little significance. 

Figure 8-27 shows that brief vibrations whose amplitude spectrum lies 
below 450 eps are always localized close to the ear. Hence it is unneces- 
sary to use a d-e amplifier in order to transmit the direct component of 


Fic. 8-29. A pulse after it has passed through an amplifier. 


the streaming velocity f(t) of the spark sound. The sound image is 
already brought close when the lower frequency range of the brief 
unilateral pulse is cut off because it is followed by a prolonged equaliza- 
tion process in the transmission system. Figure 8-29 shows this equaliza- 
tion effect in an oseillographie record of a brief unilateral pulse that has 
been passed through a resistance-coupled amplifier. 

Distance Perception in a Free Sound Field. In order that distance 
be perceived in a free sound field it is necessary for the ear to act as a 
velocity receiver. This is the case, as the impedance measurements 
made by Tröger and Geffcken prove for middle and high tones. In the 
region of 800 to 2000 eps the impedance of the tympanic membrane 
often falls to the resistance of the air. In the region above 3000 cps the 
resonance of the meatus comes into play and contributes further to the 
reduction of the impedance of the auditory aperture. 

In general it is found that in a free sound field any sound source can 
be localized with certainty and precision up to a distance of about 1 meter. 
This is hardly to be expected on the basis of physiological conceptions of 
the sensations of distance. These conceptions indicate that in a free 
field a source containing high-frequency click sounds ought to be localized 
at a distance, and one containing low-frequency sounds ought to be 
localized close by. 
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The circuit of Fig. 8-30 was used to investigate these points. A 
rotating switch S was used to connect an oscillatory eireuit periodically 
with a battery and with a short cireuit. The resulting pulses of dumped 
waves were led through an amplifier tube with a negative grid bias, which 
permitted only the first wave of the oscillation to pass through. Thus 
the loudspeaker was acted upon by a brief eurrent pulse, whose duration 
could be varied by changing the time constant of the circuit. Switch U 
served to adjust the damping of the oscillatory circuit and permitted a 
comparison of the two oscillatory cireuits, one of which was held at 
300 eps and the other of which was varied up to 12,000 eps. 


lt 


er - um 
Fra. 8-30. Circuit used to study the effects of the frequency spectrum upon apparent 
distance in a free field. 


If these sounds were listened to under the proper conditions it was 
possible to obtain displacements of the sound image over a range of 5 
to 100 em. The conditions were as follows: uniaural listening with a 
loudspeaker of proper size, a sound field as nearly spherical as possible, 
and a loudness of a comfortable and steady value. To ensure a spherical 
wave it was necessary that the cone of the loudspeaker be very small, or 
that it be located behind a small opening in the wall. 

If speech sounds that had been passed through a filter were conducted 
to the loudspeaker, then changes in the passbands led to corresponding 
alterations in the perceived distance. These results show that for a 
correct estimation of the distance of a sound source it is necessary to 
have a certain amount of knowledge about its timbre. If this knowledge 
is absent, the listener can make a confident judgment of the distance, but 
this judgment will not be in agreement with the actual distance. 


CHAPTER 9 


PROBLEMS OF DISTORTION 


CLICKS AND THE THEORY OF HEARING* 


This section will deal with the actions of the ossicular chain and the 
basilar membrane in response to clicks. 

Transients of the Eardrum. The natural frequency and the transient 
characteristics of the eardrum are best determined in a preliminary way 
by the use of a single, momentary impulse consisting of an abrupt change 
of air pressure. Such determinations can be made in a telephone receiver 
by suddenly applying a direct current, as was done by Sell (1). This 
current produces a sudden impact upon the diaphragm, and the transients 
can then be observed by means of a condenser microphone and oscillo- 
graph. However, if this method is used to actuate the eardrum, there 
are many difficulties. A simpler method is to produce a click from the 
Eustachian tube in the act of swallowing. This click arises because a 
movement of the pharynx produces a contraction of the fibers of the 
tensor-veli-palatini muscle running to the membranous wall of the 
Eustachian tube. When this muscle pulls in the direction of the pharynx 
it expands a portion of the tube and thereby produces a change of volume 
of the middle ear. The tube walls are normally in a collapsed condition 
and stick together on account of the moistness of the mucous surfaces. 
When the muscle exerts a certain tension the walls separate and suddenly 
come to the end of their expansion when they meet the bony enclosure. 

After several days of practice many persons are able to produce this 
click voluntarily and to repeat it in a rapid series without the necessity 
of swallowing. Though it occurs in both ears, it is usually a little earlier 
in one. The production of the click in this way does not ordinarily lead 
to an opening of the tube, as can be proved by the fact that a soft hum- 
ming sound is unchanged in loudness. When the tube is open, the pres- 
sure changes pass directly from the mouth to the middle ear and there 
produce a strong rumbling sound. 

The transient responses of the eardrum were observed by a second 
person by means of a listening tube or were recorded with a condenser 
microphone, as Fig. 9-1 shows. To avoid resonance in the cavity between 
the eardrum and the microphone, the sound was conducted from the 
eardrum to the microphone through a tube 1.5 meters long and 0.7 cm 
in inside diameter. With this length of tube the transients had run 
their course before a reflected wave occurred. Because unexpectedly 


* Article 15 as listed in the Author’s Bibliography. Published in 1933. 
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large sound pressures could arise, which might damage the oscillograph, 
the output transformer of the amplifier was bridged with a glow lamp. 
This lamp limited the amplitude of the oscillograph string, because an 
excessive voltage caused it to discharge and short-circuit the transformer. 
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Fic, 9-1. Arrangement for recording the transient responses of the eardrum. 


The transient response of the eardrum is shown in Fig. 9-2. The 
frequency of the vibrations fell from 1500 to 1200 eps during their decay. 
A similar decrease in frequency was obtained in all the tests. This 
natural frequency of the middle ear agrees well with results obtained by 
Frank on the cadaver ear. If we 
regard the ear as a whole as approxi- 
mating a system with one degree of 
freedom, then the results shown in 
Fig. 9-2 represent an amplitude ratio 
of two successive waves between 3.0 
and 4.0. Therefore the logarithmic 
decrement $ lies between 1.1 and 
1.4. Other results show a maximum 
decrement up to 1.8. 

The first half-period of the tran- 
sients was considerably distorted be- 
cause the Eustachian tube required 
à certain time to expand, and so the 
time of the applied pulse was long 
relative to the period of vibration. 
Also this first half-period changed 


after several repetitions of the click, 1-10? 
though the succeeding vibrations Time, sec 
were unaltered. Fic. 9-2. Transient vibrations of the 


Transients of the Basilar Mem- eardrum. At the top is a time trace. 
brane. The vibrations displayed by à 3 
the basilar membrane were investigated with the cochlear model described 
elsewhere (page 405). It was seen with stroboscopic illumination that 
before any vibrations occurred there was a momentary displacement of 
the stapes and adjacent to the stapes a synchronous pistonlike movement 
of the fluid. The portion of basilar membrane up to the place where an 
eddy arises for 1000 cps underwent a momentary displacement, while 
the region near the helicotrema remained at rest. This condition is 
shown in Fig. 9-3 by the solid curve. A little later the portion near the 
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stapes returned aperiodically to its resting position, while a flat traveling 
wave appeared at the other end, as shown by the broken eurve. This 
wave subsided at the helicotrema in about l$9 sec. The displacement 
up to the 1000-eps area resembles that of a telephone-receiver diaphragm, 
and the formation of this kind of displacement signifies that near the 
stapes the traveling wave has a propagation velocity far exceeding that. 
in other regions. 

When earbon partieles were placed on the membrane, every thrust of 
the stapes caused them to be shifted a certain distance toward the 
helicotrema. Also a long-continued series of clicks produced a slow 
displacement of fluid in the low-tone region of the cochlea, also indicated 
in Fig. 9-3. For thrusts of the stapes that were well separated in time, 
the resulting fluid displacements were finally equalized at the helicotrema, 
and as a result of rectification processes two pairs of eddies arose. In 
the actual ear these eddies are relatively small on account of the particu- 
lar form of the helicotrema. 
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Fic. 9-3. Traveling waves on the basilar membrane produced by a sudden displace- 
ment of the stapes to the left. 


If the transients of the eardrum shown in Fig. 9-2 were conducted to 
the stapes so that vibrations were applied to the membrane of the model 
corresponding to the momentary pressure change in the auditory meatus, 
the first half of the membrane followed the vibrations of the stapes 
exactly. In the region of the helicotrema, however, there were two wave 
peaks of the damped traveling waves. 

It was possible to demonstrate in the human ear also that a sudden 
change of sound pressure representing a rapidly declining transient of 
the eardrum produced a traveling wave along the basilar membrane. 
This wave at first progressed with great speed from the stapes toward 
the helicotrema but later moved more slowly. 

Consider the temporal course of the transients of the stapes as shown 
in Fig. 9-4a. They produce a temporal pattern of excitation of the 
nerve endings in the region of the stapes as shown in b of this figure, when 
account is taken of the latencies and aftereffects in the nerve fibers. 
The temporal course of excitation of the whole basilar membrane, how- 
ever, is extended by the final velocity attained by the traveling waves, 
as shown in c. Because a weak click sounds high in pitch, it appears 
that the stimulation is mainly in the high-tone region of the basilar 
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membrane close to the stapes and not in the low-frequency regions where 
the curve falls below threshold. On the other hand, a stronger click has 
a dull sound because the opposite relations hold, as Fig. 9-4c shows. 

If on the loud click a continuous low-frequency tone is superimposed, 
there is a masking of the stimulation by the click in the region near the 
helicotrema. Then the temporal course of the excitation once more has 
the form shown in b of Fig. 9-4. Now the mean times of excitation 
(centers of gravity of curves b and c) can represent a time difference. 
Because through the perception of sound direction we are able to obtain 
accurate measurements of time intervals smaller than 10-* sec (see 
Hornbostel and Wertheimer) it is 
possible to determine such a difference. 

For this purpose clicks were produced 

by suddenly applying a direct current t 
to a condenser receiver. This sound ta) 

was introduced into one ear at a loud- n 

ness equal to that of a 1000-cps tone 


60 db above threshold. The same 
stimulation in the other ear gave a £ IE 


sound that was perceived in the mid- (6) 
line of the head. A tone was then 
superimposed upon the sound in one 


ear at a loudness equal to that of the 

click. If this tone was low in fre- 

quency, the click became high in pitch; "m Time 

and if the tone was high in frequency, MOI OU (rw afajen df 
it became low in piteh, while its loud- u Brita 10h) de ite effect on 
ness was generally decreased. If the the nerve endings near the stapes, 
undisturbed click was weakened to the and curve (c) is the whole course of 
point where it was equal to the click excitation over the basilar membrane. 
that was masked by the tone, then 

when both clicks were presented together it was necessary to delay the 
masked one by the amount shown in Fig. 9-5 in order to keep the sound 
image in the mid-line. At 100 eps the time difference was so large that 
for most subjects a simultaneous presentation of the two clicks produced 
two separate images. These two images were reduced to one only by 
compensating in some degree for the time difference arising in the ear 
by introducing an external time difference. y It was not essential to have 
àn exaet equation of the loudness of the clicks on the two sides, for in 
most subjects the judgment of sound direction was not affected by small 
differences of intensity. This fact was established in preliminary 
experiments (page 298). , 

Tt has .. di ven a direct current applied to a thermophone 
produces almost as rapid a rise of sound pressure as is produced in a 
condenser type of receiver. There is at most a displacement of the sound 
image of 1 em if one side of the head of the condenser receiver is replaced 


by a thermophone. ‘Therefore a thermophone was used for control 


measurements, 
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As may be seen in Fig. 9-5, frequencies above 800 eps no longer pro- 
duced a directional shift when used as masking tones in the manner 
described, though here we should expect a displacement of the image in 
the contrary direction because a masked click ought to produce a delayed 
excitation. The reason may be 
that it is not possible for a single 
tone to cover a large area of the 
basilar membrane, as in fact is 
indieated by the masking curves 
obtained by Wegel and Lane. Also 
the basilar membrane is much 
narrower and stiffer in the vicinity 
of the stapes, so that here the 
| propagation velocity of the travel- 
1600 ing wave is much greater than near 
the helicotrema. Therefore the 
same degree of masking can give 
rise to only a small time differ- 
ence. Experiments with a multi- 
ple-tone generator, with the tones below 800 eps filtered out, only occasion- 
ally showed directional shifts toward the side of the undisturbed click. 

The fact that the time differences are small even with low frequencies 
may be explained as follows. Perhaps the direction of a sound is not 
determined by the nerve activity of the entire length of the basilar 
membrane of both ears, but arises from the interaction of very narrow 
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Fia. 9-5. The time of transmission along 
the cochlea of traveling waves produced 
by a click. 


Fio. 9-6. Tone pulses used to stimulate the two ears. 


regions of the two membranes. Then the time difference observed will 
be limited by the time required for the traveling waves to pass over these 
two corresponding regions and not by the much longer time required to 
traverse the whole membrane. 

The following experiment supports the view that only limited areas of 
the basilar membrane are operating in this way. A tone pulse of the 
form represented in Fig. 9-6 was produced by altering the grid bias of 
an amplifier tube (Fig. 4-28). When this change of bias was caused by 
an alternating current of 5 to 10 eps, the amplitude changes in the tone 
produced by the amplifier were so slow that the tone pulses were free 
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of noise. Then the same regions of the basilar membrane were stimu- 
lated as when a continuous tone of the same frequency was used. On 
the other hand, the amplitude change was rapid enough that when such 
a series of pulses was heard simultaneously by both ears there was a 
directional effect. This effect depended simply on the temporal course 
of the amplitude change and was little affected by a phase shift in the 
tone. If the temporal course of the amplitude was the same in the two 
ears, and if the loudness of the series of pulses was equal also, the sound 
image was perceived in the mid-line of the head. Also, its position did 
not change when the frequency of the pulses produced in the two ears 
was made somewhat different. The sound image then represented a 
pulsating complex of tones. : 

If the frequency difference was made greater, there arose along with 
the image in the mid-line a pair of additional images, one in each ear. 
Then when a certain frequency difference was reached the intervening 
image disappeared, and the two series of pulses produced separate 
sensations in the two ears. The frequency difference at which this 
separation of images appeared was found to vary greatly in different 
individuals, though for any one person it remained consistent through- 
out a series of observations. "Table 9-1 shows the upper and lower limits 
at which a tone pulse of 1000 eps 60 db above threshold showed a com- 
plete separation of the images. A change in the frequency of the alter- 
nating current applied to the grid from 5 to 20 eps had no important 
effect upon these limits. 

TABLE 9-1 


Det ee eee 
Subject A Subject B Subject C 


Upper limit......... 2900 3020 n 
Lower limit......... 550 330 


Ee 


The following experiment was carried out to find how long it takes for 
the transient deeper of the eardrum to decline to the point at which 
there is no further influence on the perception of a click. As Fig. ide 
indicates, in one situation, a, there was first * a ek M NA HM 4 
sound pressure, it was held for a time At at this increased value, and t m 
it was restored to its initial level. In a second auem d T mu 
pressure was raised suddenly, held for a time At, and then tite t = " 
by the same amount as in the preceding step BE su tad 
level for a long time. The smallest time interval pe nein t ld is 
ond second changes was determined m up er E riw AGN 
De distinguished from each other. In 3 itehi 
presin toda Ki once per second. To avoid any disturbance n pening 
off the doubled pressure, a condenser was shunted across c da yea 
give a gradual decline of the current so that it became inaudı d loud 

If the clicks had a level 40 db above threshold, they seemed louder 
when the sound pressure was doubled, as long as the interval At was small. 
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But when this interval exceeded 4 X 10-* sec, there was complete 
equality of loudness in the two situations. This result agrees with the 
work of Steudel. For intervals up to 3 X 10-? sec the timbre was notice- 
ably duller for the doubling situation, and for a further increase in the 
interval the timbre became brighter. For an interval of 5 X 10-7? sec 
the timbre was indistinguishable in the two situations. 

These times are sufficient to allow the two traveling waves on the 
basilar membrane to coexist without any influence on each other. Yet 
the duration of a click sensation is noticeably greater. If a change in 
sound pressure equal in loudness to the above series of clicks was masked 
by a strong tone of 600 eps, the change in sound pressure had to precede 
the momentary masking tone by about 1 X 10-? see if the click was to 
be perceived. Yet at least 0.2 sec was necessary to prevent any effect 


Below threshold 
of hearing 
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Fro. 9-7. Two forms of sound-pressure changes presented to the ear. 


on the timbre and loudness of the click by the large burst of loudness of 
the masking tone (Steudel). 

If the sound pressure in the meatus is not raised instantaneously to its 
final value but, for example, is raised in proportion to the time, this 
pressure change produces a displacement of the stapes that is likewise 
linear with time. This is true because the transients of onset are greatly 
reduced by the heavy damping of the middle ear.* If observations are 
made in the model of the ear of a stapes displacement that is proportional 
to the time, the basilar membrane in the region of the stapes bulges out 
at the first instant that the stapes displacement occurs. It then main- 
tains this position until the stapes displacement disappears. Because of 
frictional forces, the continuous flow of fluid through the helicotrema 
toward the round window produces a pressure gradient on both sides of 
the basilar membrane. Hence it is clear why the click produced by a 
slow rise or fall of pressure is changed but little in loudness if the pres- 
sure change is stopped after a short time instead of being maintained 
(Steudel). 


* If the transients produced by an instantaneous pressure change are known, the 
onset processes can be calculated by Carson's method. 
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Finally, Fig. 9-8 shows for two subjects the effects of various frequencies 
used in the masking of a click. "The loudness of a click produced by a 
momentary change of pressure was made equal to that of a tone of 1000 
cps at a level 40 db above threshold. The loudnesses of the various tones 
that just masked the click were obtained also by comparing them with 
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Fic, 9-8. The masking of a click by continuous tones of various frequencies. Results 
are shown for two subjects. Sound pressure is represented in decibels above 3.16 5X 
10-4 dynes per sq em. 


a tone pulse of 1000 eps. These loudnesses are expressed in decibels 
on the ordinate. 


AUDIBILITY OF TRANSIENTS* 


The sudden introduction of a sinusoidal tone into a room produces 
transients of onset, and the cessation of the tone produces transients of 
decay. The effeets are greatly distorted by interference phenomena. 
By warbling the tones it is possible to avoid the production of nodes at 
particular places in the room and to obtain reasonably uniform transients. 
Yet such tones are unsuitable for observations of audibility, for their 
high degree of roughness makes it difficult to measure temporary vari- 
ations of loudness. , 

Accordingly, it seemed best to investigate first the xcd form 2 
transients, namely, those in a tone pulse presented by an oe 2 is 
this way the physiological aspects of the transients may be related to the 
appropriate physical dimensions. r ^ í 

"The procedite and equipment e d this purpose are described in 
Chap. 4, page 58 and Figs. 4-27 and 4-28. ; : 

Definitions. To evel misunderstandings, the following de will 
be used. Along with the decay time of Sabine, which is ca the a, 
beration time and is given by the time required for the cde eure o 
fall 60 db, we also use the actual decay time, as Schuster and repe 
did, as the time that the tone requires to fall from its original value to 


the auditory threshold. 


* Article 14 as listed in the Author's Bibliography. Published in 1933. 
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For every physical decay time there is a certain sensation of decay 
that depends not only on the time but also on the intensity of the tone, 
its frequeney, ete. We shall speak of the decay intensity of this tone, 
which bears the same relation to the decay time as loudness bears to 
sound pressure. As the decay time of a tone is reduced, a value is finally 
reached at which the decay time goes unnoticed, and the decay processes 
are indistinguishable from a sudden switching off of the tone. The 
corresponding Sabine decay time, which apparently is affected by the 
mobility of the ossicular chain and aftereffects in the nerve elements, 
will be regarded as the physiological decay time. 

Likewise we distinguish onset time, onset intensity, physiological 
onset time, and physiological onset intensity. If for a given tone pulse 
the onset and decay times are the same and both phenomena are con- 
sidered together, we can speak of transient processes, transient times, and 
transient intensities. 


Loudness level, db 


1.0 
Time, sec 


Fie. 9-9. Lag in the decay of loudness of atone. The broken lines represent the actual 
decay of sound pressure. 


Decay Processes. In general, the decay processes exhibit four features 
of interest. We can consider first of all the actual decay time, much as 
Sabine did in his reverberation-time method. In this case we simply 
indicate the time at the beginning of the decay process and the moment 
when the threshold is reached. Then the time interval between these 
two is related to the loudness, the difference limen, and so on in the same 
way as any time interval defined by two time marks, 

Secondly we can consider the loudness attained at any given instant. 
J ust as the loudness of a tone does not follow exactly a sudden increase 
in intensity (see page 358) but requires about 0.2 sec to reach its final 
value, so also in this situation the loudness lags behind the decay processes. 
If a tone is presented at constant amplitude for 0.3 sec and is then 
broken off after it has been allowed to decay for a certain period of time, 
its loudness at the moment of interruption is greater than that of a tone 
pulse presented to the other ear at the sound pressure existing at this 
moment of interruption. Figure 9-9 shows, for an 800-cps tone 80 db 
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above threshold and decay times T = 1.0 and T = 0.33 sec, how much 
more slowly the loudness declines in time than it would if it corresponded 
to the sound pressure of a continuous tone. Here the loudness is meas- 
ured in decibels above the threshold of the tone pulse. 

A further feature is the rapidity of the decline of loudness, especially 
at the beginning of the decay process. The decline of loudness is some- 
what greater for large loudnesses than for small ones, in agreement with 
the modified form of Fechner's law (cf. pages 245 and 370). 

The fourth feature, which is the most important one in listening to 
musie, does not show itself in the decay processes as such, but rather in 
the extent to which tone pulses fuse with one another when separated 
by particular intervals of time. To determine the relation between 
decay intensity and loudness, curves of equal decay intensity were 
obtained. Thus a series of tone 
pulses of 800 eps 80 db above 
threshold were presented with de- 40 
cay times To of 2.0, 1.0, and 0.5 
sec and were followed by another 
series of pulses whose decay times 
T were varied until the decay in- 
tensities of the two successive 
series seemed the same in spite of 
their different loudnesses. When 
various loudnesses were used for 
the second series, the results were 
as shown in Fig. 9-10. The meas- 
urements were carried out by a 
bracketing method, with 7’ made 0 
first longer and then shorter so that 120 100 jeg 40 20 
there was a clear difference be- Fic. 9-10. Curves of equal decay, for 
tween the decay time of T and T». 800 eps 
The final value was then obtained i f ' 
by bisection. The results were not significantly affected if the interval 
s was altered within a range of 0.3 to 3 sec, and the decay 
reshold. Also it did not matter 


Reverberation time, sec 


between pulse 
processes did not always reach th 
whether the two tone series that were being compared were led suc- 
cessively to one ear or suecessively to the two ears. The threshold was 
always measured with a pulse lasting 0.3 sec. — 

The broken curves represent actual decay times that are equal. As 
is evident, these curves do not depart markedly from the observations. 
As the loudness decreases the decay intensity. falls off less rapidly than 
the actual decay time. If the decay time is in the region of 0.5 to 2.0 
sec and the interval between individual tone pulses is greater than 


0.3 see, then the decay intensity 
D = Kt,"* (9-1) 


when 1, is the actual decay time. 
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If the interval between individual pulses becomes less than 0.3 sec, 
the exponent in Eq. (9-1) declines rapidly in magnitude and finally 
becomes zero, except when fatigue enters for extreme loudnesses. 

As the decay time is made smaller and smaller, the physiological decay 
time is approached. Its magnitude as a function of the loudness is 
shown in Fig. 9-11. "Thus it is established that the decay time of a declin- 
ing tone is gradually reduced to the point where the decay process can 
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Fia. 9-11. The relation of physiological decay time to loudness, for 800 eps. 


no longer be distinguished from that of a tone that is falling off in pres- 
sure ten times faster. Sometimes it is better to reduce a tone at a rapid 
rate than to switch it off abruptly, for the sudden switching may produce 
a disturbing click. 

That the increase in physiological decay time with diminishing loudness 
is largely due to the actual decay time is shown by the results of Fig. 9-12. 
Here the loudness of the tone remained constant, and the threshold was 
raised by the introduction of a warble. 
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Fic. 9-12. The physiological decay time when the threshold is raised by means of a 
noise. The tone was 800 cps at 80 db above threshold. 


For a determination of the difference limen for the decay time an 
automatic switch was used to present a series of tone pulses of a duration 
of 0.3 see, each of which was followed by a similar decay process. This 
series was then compared with a second series of equal loudness, whose 
decay times were lengthened or shortened until a clear difference was 
perceived. The percentage of change in the damping resistance Ra 
in the resonant circuit of Fig. 4-27 that produced a just-perceptible dif- 
ference is shown in Fig. 9-13 for a tone of 800 cps 60 db above threshold. 
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This percentage of change in resistance is approximately equal to the 
change in decay time AT/T when the changes are small. 

In the most important range of decay times between 2.0 and 0.5 sec 
the difference limen was about 10 per cent, both for shortening and 
lengthening of the decay time. If the decay time became smaller than 
0.3 sec, however, it approached the physiological decay time, and a further 
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Fic. 9-13. The difference limen for decay time for a tone of 800 cps at 60 db above 
threshold. 


shortening was no longer noticeable. Hence +ARs»/R; increases with 
great suddenness. A reduction of decay time —AR:,/R, for a decay 
time that was short to begin with was perceptible only if the physiological 
decay time was exceeded. In the loudness range of 80 to 40 db above 
threshold the difference limen did not change appreciably, except that 
for the smaller loudness levels the physiological decay time had already 


Percentage change 
in decay time 


Fic, 9-14. The difference limen for decay when only a brief decay transient is 
presented, 

er values of decay time T, and therefore the 
These observations were disturbed by the 
e limen fell off continually with 
t the switching processes had a 


been reached for the larg 
curve rose somewhat sooner. 
fact that in the beginning the differene 
practice, partly because of the fact tha 
distracting effect. 

If in place of the tone pu. 
decay a momentary, abrupt de 
limen had the values shown in Fig. 9- 


Ises of 0.3 sec duration with their subsequent 
decay process was used, the difference 
14. For these brief times the dif- 
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ference limen did not increase, because only a variation in the timbre of 
the click was associated with the change of decay time. "The values did 
not change when the interval between the pulses was altered. 

There is a question as to what extent variations in the form of the 
decay processes can be perceived. A tone was made to decay to a level 
of 40 db, and then instead of the 
usual smooth continuation of the 
decay it was made to fall more 
rapidly or more slowly, so that a 
break appeared in the curve as 
shown in Fig. 9-15. "The ordinate 
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Fig. 9-15. Effects of variations in the Fie. 9-16. The difference limen for onset 
form of the decay curve for 800 cps at time for 800 cps at 60 db above threshold. 
80 db above threshold. 


of this figure represents the ratio of the decay times in the second and 
first halves of the course of decay. For the longer decay times a reduc- 
tion to T or a lengthening to T is perceptible when it amounts to 10 or 
20 per cent. 

Onset Processes. If the onset times of two tone pulses of unequal 
loudness were changed until finally their onset intensities were perceived 
as the same, it was found that most subjects obtained the same onset 
times. It could be shown that the onset intensity is independent of 
loudness over the range of 100 to 40 db above threshold for all onset 
times up to the physiological onset time. 

Likewise the difference limen for variations of the onset time is inde- 
pendent of loudness over this same range. Its relation to the onset 
time is shown in Fig. 9-16. 

In Fig. 9-17 is shown the relation of the difference limen to frequency 
for a level of 60 db above threshold and an onset time of 1.5 sec. If 
the frequency was raised, beginning with the lowest tones, the initial 
impression of vibration and roughness passed over into a completely 
smooth sensation of tone. It was easier to follow the onset and decay 
processes in this smooth sensation than in one with considerable rough- 
ness, and therefore the difference limen was smaller for high than for low 
tones. If the high tones were deliberately made rough by the introduc- 
tion of beats, the difference limen was greatly increased, 

The physiological onset time was determined by reducing the onset 
time of the resonant circuit of Fig. 4-27 until no difference could be found 
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between it and an onset time that was one-tenth as large. A time 7 
of 0.7 see was obtained for the range 100 to 40 db above threshold, 
independently of intensity. If the physiological onset time was obtained 
by a comparison with a tone that was switched on suddenly, the values 
were usually larger because this switching produced a click that disturbed 
the observation. 
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Fia. 9-17. The difference limen for onset time as a function of frequency. 
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Fic. 9-18, The just-perceptible alteration in the regular course of the onset process 
for 800 cps at 80 db above threshold. 


"emos ; 1 i i he onset processes 

An indication of the just-perceptible distortion of t : 
was obtained by lengthening or shortening the onset rate oh > = 
reached its usual halfway point and comparing its effects with those o 
an onset process that took its usual course. The results are shown 
in Fig; 915 rocesses was studied in the following 


Th i h of the onset pi died 
way. x pepyemm s {, measured from the beginning of the onset 


i C was no longer 
process, interrupter U, was opened so that condenser 
charged, and ikeli the sound intensity remained constant, 'The 
onset, process that was cut off in this way was compared with à normal 
one and changed by varying resistance R until a difference was just 
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perceptible. In order that this change in the form of the onset process 
would not be recognized as a reduction of loudness, the potentiometer in 
front of the phone was always adjusted first to give equal loudness for 
the end tone, and only then was a comparison made of the form of onset. 
Figure 9-19 shows for a practiced subject the extent to which the sound 
intensity could fall short of the end value without any perceptible 
variation of form. As may be seen, the onset reached its final value at 
three-fourths of the end. 

It was found in unpracticed subjects also that the perceptibility of a 
distortion of form is independent of loudness and onset time in the range 
from 80 to 40 db above threshold and for values of T between 2.0 and 
0.2 sec. On the other hand, the value of 6 usually increases up to 42 
per cent, corresponding to a difference of sound pressure of 4.7 db. 

Transient Processes. The relations between transients and loudness 
were further studied in the following way. A series of pulses of equal 
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Fra. 9-19. The effective end of the onset processes for 800 eps at 80 db above threshold. 


duration and separated by intervals 4 were used, with the loudness 
constant at 80 db above threshold and with transient times 7' of 2.0, 1.0, 
and 0.5 sec. These transient times were compared with a second series 
of pulses whose loudnesses were varied, as shown on the abscissa of 
Fig. 9-20, so as to give equal transient intensities. The threshold was 
determined at the same time with pulses of 0.3 sec duration. For loud- 
nesses over 100 db there were fatigue phenomena that increased the 
variations in loudness (cf. page 357) and made it necessary to use larger 
transient times than would have been necessary otherwise. 

As the interval ¢ was reduced, there was a reduction of the limits within 
which the loudness varied, because of the great overlapping of the 
transients. Moreover, because of the long latency of the nerve elements 
of about 0.2 sec, the loudness only partly followed the rapid changes in 
sound intensity, and the loudness variations approached the difference 
limen for amplitude. The transient intensities, as shown by the two 
lower graphs of Fig. 9-20, are independent of loudness, because the dif- 
ference limen also is independent of loudness in the range of 80 to 40 db 
above threshold. For greater loudness the phenomena of fatigue become 
important, and the curve undergoes a sudden rise. Because of this 
great effect of fatigue with its large individual differences, the various 
series of pulses were presented to the ear for the least possible time. 
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In order to study the changes of transient intensity in relation to the 
tempo of a musical passage, a series was made up consisting of bursts of 
pulses of 0.3 sec duration and transient times 7' alternating with silent 
periods of duration 4. This series was compared with another faster or 
slower series whose transient time 7’ was varied to obtain equal transient 
intensities. The first series thus was used as a measure of the over- 
lapping effects in the other. The curves of Fig. 9-21 show that the 
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Fia. 9-20. Curves of equal transient intensity. 
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intensity. If this were not the case, then when the onset processes were 
combined with the decay processes there would be a change in the loudness 
relations of the transient intensities, as the onset intensity is independent 
of loudness. 
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Fia. 9-21. Curves of equal transient intensity for different tempos. For 800 cps at 
80 db above threshold. 
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That the decay process practically determines the transient intensity 
can be expected from the schematic drawings of Fig. 9-22. Here it is 
assumed that the loudness, in accordance with Fechner’s law, is practically 
equal to the number of decibels above threshold. It is obvious that & 
given series of pulses will undergo more overlapping of transients when 
the loudness is great than when it is small. 
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Transients in Room Acoustics. When a sound is suddenly switched 
on and off there are variations in the density of sound energy in a room, 
assuming a high degree of intermixture of the sound waves, according 
to the formula E = Eo(1 — e-*) for the onset and E = Ey~* for the 
decay. Here a represents the damping of the room and ¢ the time. 

The important dimension for hearing is not sound energy but sound 
pressure, for the ear is a pressure receiver. Hence 

P=P,(1—e“)* and P = Poe? 
The decay processes are no different from those formerly investigated, 
except that the length of the decay time is doubled because of the square- 
root relation. 

The onset processes of sound pressure take a different form, however. 
These variations ean be produced, by use of the circuit of Fig. 4-28, by 
varying the grid bias only in a single stage which is terminated by the 
discharging condenser C, so that the amplification is no longer propor- 
tional to the control voltage but rather to its square root, when switch 
U; is operated. If in this case we take as the Sabine onset and decay 
times the time taken for Poe~*/? to fall 60 db, then T = 13.8RC. 

The difference limen for onset times as obtained for the reverberation 
transients of a room is given in Fig. 9-23, and is larger than that obtained 
earlier. However, when 7 had 
values between 2.0 and 0.8 sec, the 
pereentage value of the sound go 
pressure for which a termination of 
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as shown in Fig. 9-20, hold only 
Hence it follows that in 
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musieal passages the rapid trills are of less importance in producing a 
fusion of the components than the places in which long decay transients 
are present. 

Though the onset time does not seem to have much physiological 
significance, there is great importance to the relation between the sound 
pressure P of the direct sound field with which the sound onset begins 
and the terminal value of the sound pressure P, which is determined by 
the reflected field. Benecke came to this same conclusion. It may 
readily be demonstrated by varying the distance of the subject from the 
source of sound in a large room. In this situation P, remains practically 
constant, while P varies with the distance. However, this relation does 
not indicate the extent to which the onset processes are shortened by the 
momentarily appearing direct sound field. Rather, because the direct 
field is distinguished from the reflected field both in timbre and in its 
temporal characteristics, the different loudness relations in the two 
fields affect the audibility. 

A number of opinions are held on the question whether optimal 
acoustics in a room are afforded by a certain reverberation independently 
of the room itself, or whether a direct part is played by temporal effects 
such as the actual reverberation time or the period of the conscious 
present, or whether several of these phenomena operate together (Lif- 
schitz; Schuster and Waetzmann; Benecke). 

The onset and decay processes of the room, which arise simply as 
amplitude changes in the tones, are modified if during the onset and decay 
the timbre of the sound is changed by variations in the overtone content. 
Such changes often are found in musical instruments. 


NONLINEAR DISTORTION IN THE EAR* 


Many qualitative investigations have been made of the nonlinear 
distortion of the ear. The careful study by Stumpf (3) on difference 
tones is especially worthy of mention. General reviews have been 
presented by Waetzmann (5) and E. Meyer (2). Waetzmann (8) also 
offered a theory of the origin of difference tones. Apart from the 
measurements of Wegel and Lane, however, no quantitative results are 
available on the overtones and difference tones arising in the ear. 

Overtones Produced in the Ear. To determine the magnitudes of the 
overtones arising in the ear the exploring-tone method was used.t As 
shown in Fig. 9-24, one channel consisting of a generator Gi, an attenu- 
ator b, and a filter led to a dynamic telephone receiver, and pro- 
duced a fundamental tone, say, of 400 eps. A second channel leading 
to the same receiver produced a tone that departed slightly from the 

* Article 17 as listed in the Author's Bibliography. Published in 1934. 

+ [On the basis of later experiments, described in Chap. 13, page 577, the writer is 
now of the opinion that the exploring-tone method does not give any information con- 
cerning nonlinearity of the ear. The amplitude of the exploring tone giving best beats 
is actually determined by a pattern of vibration representing the sum of the funda- 


mental and the exploring tone. See Chap. 13, page 588. The above paper was 
included here because the measurements of best beats are still of interest.] 
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frequency of the overtone to be measured. This tone was adjusted in 
sound pressure so that the beats between it and the overtone were at a 
maximum. To prevent any interaction of the two sound sources, the 
channels were connected to the receiver through a bridge network. To 
determine whether the fundamental tone was sufficiently free of over- 
tones, the receiver was connected to a Quincke interference-tube system, 
as shown. One loop of this system contained a filter that would not 
pass the overtone, and both loops contained cotton for acoustic damping. 
By adjusting the length of one loop (for phase opposition in the two loops) 
and suitably clamping the rubber tubes (for equality of intensity for the 


fundamental in the two loops) it was possible to eliminate the funda- 

mental, so that at the listening point on the right only the overtone was 

heard. The loudness of this overtone was then compared with a tone 
Electro- Sliding 
dynomic 


Rubber tube filled ~ 
with cotton 


Filter 


Fia. 9-24, Circuit for the measurement of overtones arising in the ear. 


of the same frequency in channel 2. This observation showed that the 
amplitude of the overtone, even at great intensities of stimulation, was 
at least 50 db below that of the fundamental. 3 f 
The small magnitude of the overtones present in the receiver relative 
to those produced in the ear could be proved also by holding the receiver 
a little distance from the ear. Then the loudness of the fundamental 
was reduced, and to obtain maximal beats it was necessary also to reduce 
the amplitude of the exploring tone. If the overtones in the receiver 
were stronger than those arising in the ear, the withdrawing of the 
receiver would not affect the beating with the exploring tone, for the 
magnitude of the overtones present in the receiver would not be altered. 
The best beat frequency was about 4 eps. To prove that for va 
beats the amplitude of the exploring tone is actually equal to that of 5 e 
overtone, the following procedure was carried out. With the funda- 


mental canceled out in the manner described, channel 3 of Fig. 9-24 was 
switehed in and the frequency of its generator was made to equal the 
overtone. Then the attenuator of channel 2 was adjusted for maximal 
beats. This beating was masked by a strong tone from channel 1, which 
was adjusted to a frequency a little different from that of the fundamental 
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so that its overtones did not coincide with the two beating tones. It 
was found that for most subjects after a little practice the masking tone 
had no effect upon the adjustment for best beats. When an effect was 
present, it was necessary to correct the loudness of the masking tone, but 
this correction never exceeded 8 db in these measurements. 

The sound pressure obtained for the second and third harmonics of a 
tone of 800 cps presented at various sound intensities, as shown on the 
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Intensity of overtones, dynes per sq cm 


10 10 
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Fic. 9-25. Intensity of overtones for a fundamental of 800 eps. 


abscissa, is presented in Fig. 9-25. The magnitudes of the harmonics 
are unexpectedly large. The second harmonic comes within 10 db of the 
amplitude of the fundamental. At the larger intensities the overtones 
vary almost in proportion to the fundamental, though at low intensities 
they change more rapidly. The results were similar for fundamental 
tones between 200 and 3000 cps. Thus in this region there is no system- 
atic relation between the strength of the overtones and the frequency. 
The following test was made to determine what externally arising 
overtones are perceptible in the presence of this great nonlinearity of the 
ear. A tone of 800 cps and a pressure of 1 dyne per sq cm was presented 
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along with a masking tone of 500 or 300 eps at an intensity of 3 dynes 
per sq em. Then it was found how much the 800-cps tone had to be 
changed in intensity to produce a noticeable alteration of timbre. This 
amount was 6 to 10 per cent, which is approximately the difference 
threshold for 800 eps. If we designate as the distortion factor the ratio 
of the amplitude of the overtone to that of the fundamental, we find in 
general that for a pure tone of 400 


eps at a sound pressure of 3 dynes per g "° 

sq em an increase of the distortion 

factor of 3 per cent is just audible. 

This figure is in agreement with the , 
1. 


results of Janovsky (1), especially 
if it is borne in mind that here only 
one overtone has been considered 
rather than the total number. 

The magnitudes of other overtones 0! OUR EU (RU 
are shown in Fig. 9-26 for a tone 
of 200 cps at an intensity of 10 dynes diss 
per sq cm. These are all the over- re iz beet u ge: ger 
ae ees for a tone er of 10 dynes per sq em. 

Place of Origin of the Overtones. Next to be considered is in what 
part of the ear the overtones arise. To study nonlinearity of the vibra- 
tions of the eardrum, pure sinusoidal pressure variations were presented, 
and measurements were made of the overtones reflected from the drum 
surface. To produce pure tones an electrodynamic loudspeaker was 
followed by acoustic filters and a Quincke interference tube of the type 
already shown in Fig. 9-24. As already described, the branches just 
beyond the entrance to the Quincke system consisted of rubber tubes 
filled with cotton and adjusted with clamps to give equal intensities on 
the two sides. Then a suitable adjustment of the lengths of the two 
loops gave a cancellation of the tone at the listening point. A short 
side tube led off from the longer tube at a position about a quarter wave- 
length from the listening point, and this side tube was connected to the 
subject’s meatus with a rubber tube. This system could be adjusted 
so that a fundamental tone presented at a high intensity to the meatus 
produced no audible effect at the listening point, yet any overtones arising 
in the meatus could readily be perceived. The damping afforded by the 
cotton in the rubber tubes was sufficient to prevent standing waves. 

For a tone of 500 eps and a pressure of 10 dynes per sq em there was 
no radiation of overtones from the eardrum. This means that overtones 
are not produced by the eardrum, for if they were they would have to be 
radiated. The ear was replaced by a telephone-receiver diaphragm that 
was made to vibrate at the frequency of the overtone and at an intensity 
at the small side tube of the Quincke system that would match the loud- 
hess of the subjective overtone. Then this tone was heard at the listen- 
ing point at an intensity at least 40 db above threshold. 

Because the eardrum vibrations are practically linear we should 
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Fundamental Overtones 
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expect the impedance of the eardrum to be independent of sound intensity. 
To test this point, the Quincke-tube system was adjusted for a minimum 
of tone at a high intensity, and then the intensity was reduced to a level 
18 db above threshold. It was found that no further adjustments were 
necessary to obtain a minimum. If the meatus was replaced by a short 
closed tube of such a length as to require the same adjustments as the 
eardrum, it was found that a change in the impedance of the tube of 20 
to 30 per cent was easily perceptible. To make sure that a change in 
sound intensity did not itself modify the adjustment of the tube system 
it was necessary to have the rubber tubes properly filled with cotton. If 
the damping was made too great, a change of intensity could produce a 
phase variation. 

Ordinarily we should expect the impedance of the eardrum to increase 
with sound intensity just as a vibrating string is increased in tension as 
its amplitude of vibration inereases. However, the vibrations may be 
too small to change the condition of tension of the eardrum. Likewise 
a contraction of the tympanic muscles seems to have little effect upon 
this tension (Geffeken). A statie pressure of 6 em of water, which is 
four times as large as the normal tension of the eardrum, produces only 
a 30 per cent change in the eardrum impedance. 

That the overtones do not arise in the middle ear either is shown by the 
fact that a change of static pressure in the external meatus had no effect 
upon the magnitude of the overtones, provided that a compensation 
was made for the effect of the pressure upon the loudness of the funda- 
mental and of the exploring tone by which the overtones were measured. 
The fundamentals used were of 250, 500, and 1000 eps at a sound pres- 
sure of 10 dynes per sq cm. Because the strength of the overtones 
depends merely on the intensity of the fundamental and not on conditions 
of tension in the eardrum and middle ear, it follows that the overtones 
are not the result of nonlinear distortion in the middle ear, but must arise 
for the most part in the cochlea. 

This conclusion is supported by the following experiment. If a funda- 
mental tone of 500 cps was used and best beats were produced with an 
exploring tone of 1004 eps, it was easily observed that a steady tone of 
100 cps could be superimposed upon the beating overtone without any 
effect upon the purity and smoothness of the overtone. An overloaded 
vacuum tube does not act in this way. If the fundamental current is 
led to the grid of an amplifier tube and its voltage and the grid bias are 
adjusted so that the tube distorts and produces the same amount of 
overtones as the ear, the superposition of a 100-eps voltage even at very 
small values causes a modulation of the overtone at the rate of a hundred 
per second. The beating overtone then loses its smoothness and is 
changed to a beating “r” sound. 

From this it follows that the nonlinearity of the ear cannot appear in 
the eardrum or the middle ear, for if it did there would have to be a 
simultaneous modulation of the tone just as in the nonlinear vacuum 
tube. The distortion can arise only in the cochlea, where the various 
tones have already become separated from one another. Each tone 
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operates upon a different nonlinear system, so that in spite of the fact 
that large overtones are present there cannot be any modulation. The 
appearance of strong combination tones is connected with this situation. 
This selective nonlinearity of the ear is due to the fact that the ear pro- 
duces much less distortion of a tonal mixture than an ordinary trans- 
mission system with the same harmonie distortion. 

The nonlinear distortion of the ear probably takes place in the eddy 
movements of the cochlear fluid, in which there is a sort of local rectifica- 
tion of the fluid vibrations. 

If the fibers of the basilar membrane produced nonlinearity, an 
increase in sound intensity would alter their natural frequency, and 
there would be a change of piteh. Actually, for tones in the middle 
range of frequency, an intensity increase brings about a lowering of 
piteh. Zurmühl explained this effect by saying that the fibers of the 
basilar membrane, like a stretched string, do not vibrate linearily, 
because as their amplitude grows greater their mean tension is increased 
and their natural frequeney is raised. Consequently the whole pattern 
of vibration on the basilar membrane is shifted toward the lower tones. 
Because it is easy to determine the pitch variations that arise from 
changes of sound intensity, the consequent nonlinearity of the basilar 
membrane should readily be determined. AD 

Because we are only concerned with a rough value as a general indica- 
tion, we can assume that the positive and negative variations of tension 
of a string are equal for a change of amplitude x. Then we can use 
Martin's equation 

$ = ai + br — yi = K sin ot (9-2) 
where K sin wt represents the driving force. If f+ Af is the natural 


frequency of the system at an amplitude A, and f is the natural frequency 
at very small amplitudes, the increase in frequeney with amplitude is 


go oR aft 
i ibrati tem 
On the other hand, Timoshenko calculated that a vibrating sys 
according to Eq. (9-2) would produce a large third harmonic A; whose 
amplitude relation to the fundamental is represented by 
Lu ll ined 
A  36X4rf 
: a T f pitch for a tone of 
Hence we obtain A;/A = 0.074 Af/f. The change o e 
1000 eps "S 10 dran per sq em is about 1 to 10 per cent (Zurmühl, 
Vrijdaghs); hence A;/A = 7 X 107* to 7 X 10°. However, the meas- 
urements yield much larger values, and so this type of nonlinearity need 


not be considered. ioi 
Fatigue studies show that the overtones are not of neural origin but 
are purely mechanical.* In these studies strong fatiguing at the fre- 


* See footnote, page 332. 
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quency of the fundamental tone produced a reduction in the loudness of 
this tone of more than 7 db. If overtones arose in the nervous system, 
the fatigue, because it is peripheral in nature, would weaken the over- 
tones more than 7 db. This could not be observed, for the amplitude 
of the exploring tone that gave best beats remained at the same value 
after fatigue as before. In order to obtain the greatest possible decrease 
of loudness as a result of fatigue, the amplitude of the fundamental was 
reduced as much as could be done and still permit a precise measure- 
ment of the overtones. 

Difference Tones Arising in the Ear. An arrangement for measuring 
the difference tones arising in the ear is shown in Fig. 9-27. With a 
tuned dynamic receiver Fı against the ear, a primary tone of known 
sound pressure was produced by adjusting attenuator bs. A second 
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Fia. 9-27. Arrangement for measuring the difference tones arising in the ear and in the 
equipment. 
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primary tone was introduced into the ear through a rubber tube leading 
from a side opening in the receiver and was adjusted to the same sound 
pressure. An exploring tone was then added and its intensity adjusted 
to give best beats with the audible difference tone, and from a measure- 
ment of its voltage as applied to the receiver it was possible to determine 
the intensity of the difference tone. 

If, as Fig. 9-27 shows, there is interposed between the receiver and the 
ear an acoustie filter that removes the primary tones, then the only 
difference tone that will be audible will be one produced in the equipment 
itself. If the exploring tone is again adjusted for best beats, the magni- 
tude of this difference tone can be measured. The only precaution 
necessary here is that the diaphragm of the receiver have sufficient 
stiffness that its amplitude will not be changed when the acoustic filter 
is substituted for the ear. 

Care was taken that in all the measurements the difference tone pro- 
duced by the equipment was at least 20 db below that produced in the 
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ear. The two sound sources were isolated to prevent any mechanical 
interaction, and all connections were made airtight to prevent any jet 
effects through leaks. If instead of using two separate sound sources 
the two currents were superimposed upon the same receiver by means of 
a Wheatstone bridge, it was necessary to carry out frequent control 
tests. It was found that the difference tones produced by a newly 
purchased dynamie receiver were increased tenfold after two weeks of 
use. Also the difference tones measured in this way in a dynamic loud- 
speaker with a paper diaphragm often showed abrupt changes. 

In Fig. 9-28 are shown the magnitudes of difference tones produced by 
two primary tones of 2000 and 2300 eps at the intensities shown on the 
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Fic, 9-28. Intensity of the difference tone as a function of the intensity of the primaries. 
The primary tones were 2000 and 2300 cps. 


abscissa, It is seen that the difference tones were about 40 db er 
than the primary tones. For primary tones between 800 and 4 oe 
and difference tones between 200 and 800 eps the results were exactly 
the same. When the difference tones were below 200 eps their roca 
tudes were greater, and at 100 eps they reached a value cn t M 
indicated. This limited dependence on frequency for t 5 ifference 
tones was observed by Janovsky (1) in experiments of a different a 
If one of the primary tones was kept constant at 10 dynes “a m " an 
the other was given various values as shown on the cond the : erence 
tone changed along a curve only a little less steep than s d e "x 
Primaries of high frequency and great intensity are ath n ou 
ness by fatigue to a greater extent than the low-pitched difference 
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tones, and therefore after prolonged observation the difference tone may 
seem louder relative to the primaries that would be expected from the 
data given here. 

Place of Origin of Difference Tones. First to be considered in the 
determination of the place of origin of difference tones is the fact that the 
opening of the external meatus might act as a jet orifice in a free sound 
field in which the air might more easily flow in than out. However it 
was not possible, even at intensities near the threshold of feeling, to 
detect any air flow of this nature. 

If the difference tones arose directly through asymmetry of vibration 
of the eardrum, then they also would be radiated externally to the meatus. 
If we take x, as the amplitude of vibration of the eardrum at the fre- 
quency of the difference tone, So as the area of the eardrum, and V as 
the volume of the meatus enclosed by rigid walls, then the pressure p is 
obtained as 


(9-3) 


where w is the angular frequency of the difference tone, p is the density, 
c is the velocity of sound in air, and Z is the acoustic impedance of the 
system bounding the space on the outside (namely, a mierophone and 
a sound source). If, on the other hand, a sound source is made to act 
upon the enclosed space at a pressure P and at the frequency of the 
difference tone, the amplitude of the eardrum vibration is 


i B 


um 


(9-4) 


where Zo is the impedance of the eardrum for the difference tone, and the 
volume V of the space is small relative to the wavelength of the difference 
tone in a free field. 

If two primaries are applied and the sound pressure p is measured by 
means of the microphone in the enclosed space, then by Eq. (9-3) the 
amplitude of vibration xo of the eardrum can be calculated for the differ- 
ence tone. If then instead of the two primaries a single tone is applied 
whose frequency and loudness are equal to the audible difference tone 
and its pressure P is measured with the microphone, the amplitude of 
the eardrum can be determined from Eq. (9-4). If the difference tone 
arises only in the eardrum, these two amplitudes will be the same, for 
in each instance the vibration is transmitted in the same way from the 
middle ear and inner ear to the auditory nerve. 

If, however, the difference tone has its origin in the middle ear or in 
the inner ear, it is likely that the vibrations will not be fully transmitted 
to the eardrum. Then x, will be smaller than z&'. Measurements were 
made with 2000 and 2300 eps at an intensity of 10 dynes per sq em, and 
showed that the difference tone as observed at the eardrum had an ampli- 
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tude at least 20 db below that of an aerial tone of equal frequency and 
intensity. Therefore the difference tone does not arise through asym- 
metrieal vibrations of the eardrum but in a further transmission of vibra- 
tions of the middle ear. 

For the production of the two primary tones, two very stiff electro- 
dynamie loudspeakers were used, of which one was used as a microphone 
and the other as a source for the 300-eps tone. By closing the volume V 
with a rigid plate instead of the eardrum it could be shown that no differ- 
ence tone arose in the equipment itself. 

The radiation of difference tones by the eardrum was investigated by 
another method also. A short tube with three branches was attached 
to the eardrum. Two of the branches served to conduct the two primary 
tones from two separate sound sources by means of rubber tubes. ‘To 
the third branch was attached an acoustic filter that would only pass the 
difference tone, which was listened to by a second subject at the same 
time that the first subject measured the loudness of the difference tone 
that was audible to him by comparing it with a reference tone in the 
other ear. Then the short tube was replaced by a small receiver of high 
impedance whose current at the difference-tone frequency was adjusted 
so that the tone was equal in loudness to the difference tone heard earlier. 
From the volume between the receiver and the eardrum and from the 
eardrum impedance it was possible to calculate (see page 136) the ratio 
between the volume displacement of the receiver diaphragm and that 
of the eardrum. When the volume V was 3.5 cu cm and the frequency 
was 250 eps this ratio was 2.7. Therefore if the current to the receiver 
was made weaker by 2.7-fold and the receiver was put in place of the 
eardrum at the end of the short tube with three branches, the same sound 
mixture was radiated from the receiver into this tube as from the ear- 
drum, and at an amplitude that gave the same loudness to the inner ear 
as the audible difference tone. But if the tone of the frequency of the 
difference tone was listened to through the filter, it became clear that it 
was at least 10 to 18 db stronger than the difference tone heard before. 
It follows that the two primaries acting on the eardrum produced a dif- 
ference tone that was at least 10 to 18 db below the amplitude of an 
ordinary tone with the same frequency and loudness. h abrir 

To study the part played by the middle-ear apparatus in the pro duction 
of difference tones, a positive or negative static pressure of a few centi- 
meters of water was introduced into the external meatus. Then the 
eardrum and ossicles were displaced and twisted away from their normal 
positions, with changes in the tensions and pressures in their ne 
and in the tendons that anchor them to the temporal bone. If the differ- 
ence tones arose in these eonneetions they would be altered by this 
P To ya: out these measurements, two small loudspeaker systems Med 
enclosed in an airtight chamber, with one opening into Ss =. 
another opening to a pressure system. The changes of lou sab Pith 
by a subject for three different pairs of primary tones, toge ies di 
their difference tones, are shown in Fig. 9-29. Also shown are the lou: 
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Fia. 9-29, Loudness changes in the primaries and their difference tone caused by a 
static pressure variation in the external meatus. 


ness changes observed in a normal tone of 260 cps, which is the same 


frequency as the difference tone. 


The static pressure change consisted of a negative pressure of 6 cm 
of water, which was raised from zero to its final value in about 4 sec. 
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Fic, 9-30. Results as in the preceding 
figure, for another subject. 


The course of the curves varied 
greatly with the frequency of the 
primary tones. Often they were 
reproducible over long periods, and 
then suddenly they underwent 
largechanges. They were different 
for every subject, as a comparison 
of Fig. 9-30 with Fig. 9-29 will show, 
but there were only slight varia- 
tions between the two ears of a given 
subject. In Fig. 9-30 the loudness 
changes arise, it seems, only as the 
pressure is rising or falling. In 
this subject the loudness changes 
became much greater when the 
static pressure was altered rapidly. 
Instead of introducing the static 
pressures into the meatus in this 
manner, it is possible to suck out 
some of the air of the middle-ear 
cavity through the Eustachian tube 
at the moment that it is opened 
during swallowing. One way to do 


this is to swallow while holding the nose. 

Even in the tests in which the statie pressure changes had no notice- 
able effect upon the transmission of the primary tones to the cochlea, 
the loudness of the difference tone became about 10 db greater, and for 
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larger pressures more than 20 db greater. From this it follows that to 
an important extent the difference tones arise in the middle ear. This 
conclusion is supported also by the faet that the static pressure not only 
affeets the loudness of the difference tones but also changes the form of 
their dependence upon the intensity relations of the primaries. 

If the statie pressure in the meatus is made to last for a long time, 
rather than just a few seconds, it is found that even after some minutes 
the changes of loudness have not yet reached a final value. Figure 9-31 
shows results obtained for two tones of 1000 and 1226 eps, each at 60 db 
above threshold, when a negative pressure of 6 em of water was continued 
for 15 min. The temporal course of the loudness changes in the difference 
tone are shown. After the statie pressure was removed there was a large 
aftereffect. This aftereffect is in part responsible for the fact that the 
measurements are difficult to reproduce. There is a significant increase 
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Fia. 9-31. Afterefleets caused by a long-continued static pressure in the meatus. 


in the loudness of the difference tone during the time the negative pressure 
is continued, especially when we consider that the primary tones have 
been reduced. 

After it was found that pressure changes in the meatus produced large 
changes in the difference tones, à study was made of the effects of tensor 
contractions. A difference tone was produced in one ear by applying 
the weakest possible primaries, and in the other ear a tone of 3000 eps 
at 10 dynes per sq em or over was introduced in order to evoke tensor 
contractions in both ears. When this tone was introduced there was 
usually a momentary reduction in the strength of the difference tone, 
but after a second this effect was reduced to about 1 db at most. When 
the 3000-eps tone was removed there was à considerable overshooting of 
the loudness of the difference tone. The loudness changes produced by a 
static air pressure in the meatus had a different course, and therefore it 
appears that a tensor contraction produces different sorts of alterations 
of the ossicles. 3 

The jen evidence proves that the difference tones, like the over- 
tones, have a purely mechanical origin. The ear can be fatigued for a 
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long time with a strong tone of a frequency close to that of the primaries, 
so that after the fatiguing tone is removed the primaries are largely 
inaudible. Then the primaries only regain their loudness gradually as 
the ear recovers in the course of time, and finally reach a terminal value. 
Because the fatigue acts upon the nerve endings, it would be expected 
that if the difference tones had a neural origin their loudness would rise 
as the nerves recover. This does not happen. As Fig. 9-32 shows, the 
difference tone after fatigue has a loudness of constant value, despite the 
faet that the primary tones are rising during a period of several seconds. 
Therefore the difference tone is produced at an entirely different place 
on the basilar membrane from the primary tones. It must arise in a 
mechanical way in the middle ear or in the cochlea, and then it stimulates 
the basilar membrane at its proper place just like any other tone. 

For the success of this experiment 
it is necessary that there be as large 
a frequency separation between the 
primaries and the difference tone as 
possible, so that the fatiguing tone 
will only affect the primaries and 
will have no important influence 
upon frequencies in the region of the 
difference tone (cf. p. 366). 

Time, sec Like the overtones, the difference 
Fic. 9-32. Effects of fatigue upon the tones are not modulated when a low 
fundamentals and their difference tone. tone, such as 100 cps, is superim- 
t posed upon them. However, it can- 
not be concluded from this observation that the difference tones arise in the 
cochlea. "The difference tones are about 40 db weaker than the primaries, 
and thus a modulation might be present without being noticed. More 
significant is the fact that the difference tones depend upon the conditions 
of tension in the middle ear. They do not arise in the cochlea, as the 
d m = H on ear, and apparently in the vibrations of 
Med ed dee d e ifference tones and overtones arise at different 
i y on this basis can we understand why the differ- 
ence tones do not have the same order of magnitude as the overtones. 
e ecu. on: can give rise to the difference tones only when they 
ave very low | requencies—below 200 eps—where they become large in 
magnitude. Then they arise because the primary tones on the basilar 
membrane are no longer widely separated from one another. A further 
clarification of this problem is to be expected from a study of fluid vibra- 
tion and streaming in a model of the ear. 


Fatiguing tone 
2130 cps 


Decibels above threshold 


ACOUSTIC ROUGHNESS* 


The nonlinear distortion of speech and music gives rise to overtones, 
combination tones, and a type of roughness due to beats and a modulation 


* Article 21 as listed in the Author's Bibliography. Published in 1935. 
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of the primary sounds. This roughness is an important and a particularly 
disturbing aspect of the distortion, and it will first be examined in its 
simplest manifestations in tones and clangs. This study will provide 
a basis for its further consideration in speech and music. 

Measurement of Roughness. Experiments were carried out to dis- 
cover the extent to which the quality of roughness ean be distinguished 
from other auditory attributes, such as loudness, volume, brightness, 
and the like, and to measure the accuracy with which two different kinds 
of roughness may be compared. In this comparison, two different 
modulated tones were used. One was a 200-eps tone modulated 100 per 
cent at a rate of fifty times per second, and the other was a 500-eps tone 
modulated at the rate of ninety times per second to an extent just 
sufficient to give observable roughness. These two tones could be 
adjusted to the same amount of roughness by a considerable reduetion 
in the sound pressure of the first tone. "This adjustment for equal 
roughness is not disturbed by a large difference in loudness between the 
two tones, because after a time the roughness is well isolated. 

To obtain greater accuracy in this comparison, a third stimulus was 
used, consisting of two beating tones of equal intensity and frequencies 
of 3000 and 3050 eps. These combined tones could be raised or lowered 
in intensity until their roughness seemed equal to that of one of the two 
modulated tones. If the two modulated tones were first adjusted for 
equality of roughness, the same value was obtained for the beating tone 
when it was adjusted in intensity so as to be equal in roughness to either 
of these. There were sometimes variations of 10 db, but usually they 
amounted to no more than 3 db when the comparison was made with 
great care. This observation shows that various sensations of roughness 
can be compared with a standard roughness in the same way that the 
loudness of a noise is measured in terms of a normal tone. However, 
the attribute of roughness is not as basic as loudness is, and its measure- 
ment imposes a burden on the subjeet much like that of analyzing a 
tone out of a complex sound. It is therefore understandable that not 
every subject can perform equally well. Therefore it was necessary 
before every extended series of measurements to carry out a control 
series in which two different roughnesses of equal intensity were com- 

ared with a third. In this way the subject's error of observation was 
obtained. 

purs hos roughness the beating tones of 3000 and 3050 eps were 
used, and this roughness was varied by simultaneously altering the 
intensity of the two tones. As a quantitative indication the absolute 
sound pressure in dynes per square centimeter at the beat maximum was 
used. This standard is easy to produce, and the ee variations 
of these tones give a wide range of due Si The ved > icon chosen 
as fifty per second because at this frequency there Is d isturbance by 
the difference tone. Also this rate of beating gives dese ness of a hich 
what intermediate character, lying between that o oe rates, or 
is of an “R” character, and that of higher rates, which is of a 


character. 
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Roughness Produced by Two Simultaneous Tones. If a pure tone 
of 200 cps and a constant intensity of 10 dynes per sq em is added to a 
second tone of the same frequency and intensity and then the second tone 
is gradually raised in frequency, there first appear slow beats whose 
variations of loudness are easily followed. When the second tone reaches 
about 220 eps the combination begins to take on an “R” character, and 
as the frequency is raised further the roughness first inereases and then 
declines. Around 290 eps the roughness is still present, and it is not 
possible to separate the two tones. This fact is indicated schematically 
in Fig. 9-33. Here the upper broken line represents the constant tone 
of 200 eps, and the lower broken line represents the tone whose frequency 
is varied. The perceived roughness is indicated by the black area 
between these two lines. In the region of 300 cps this relation changes, 
for the variable tone is now separable from the rough complex, and is 
heard as slowly beating. At the same time there is the impression that 
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Mixture of both tones 
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Fia. 9-33. Schema representing the roughness arising from two simultaneous tones 
of equal intensity. 


the rough complex is modulated at the rate of the beating. At 320 cps 
the two tones can be separated. The variable tone seems to be com- 
pletely isolated and smooth, while the 200-cps tone has a certain rough- 
ness. This roughness declines as the variable tone is further increased 
in frequency. In the region of 400 and 600 eps the two tones usually 
are heard as separately beating, and to the right and left of the beating 
there are minor increases in the roughness. Just at 400 cps and 600 cps 
the two tones fuse to an unanalyzable complex. 

_ These phenomena sometimes show variations from the description 
given, because subjects vary greatly in their ability to analyze a tonal 
mixture. Thus it is difficult to determine the frequency separation of 
the two tones that is necessary to make them individually audible. It 
is also difficult to determine the separation at which the roughness 
disappears, especially when there is disturbance from the difference tone. 

The following experiments were carried out to discover whether the 
rate of beating at which roughness disappears depends upon the pitch. 
Three tones were used, of 200, 800, and 3200 cps, and the dependence of 
roughness upon the beating rate was measured. The results were highly 
consistent, and are shown in Fig. 9-34. The two beating tones always 
had an effective sound pressure of 10 dynes per sq em. The beating 
rate, produced by raising one of the tones in frequency, is shown on the 
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abscissa. The ordinate shows the equivalent roughness in terms of the 
standard. 

The measurement of roughness as a function of pitch could be carried 
out most simply by switching back and forth between the standard and 
one of the three beating tones and thus making direct comparisons. 
However, this procedure calls for six oscillators that are free of overtones. 
To avoid this requirement, a fluid potentiometer like that described by 
E. Meyer and Keidel was used. 


Equivalent sound pressure, dynes per sq cm 


“0 50 100 150 200 250 
Rote, beats per sec 
Fia. 9-34. The roughness of beats as a Fia. 9-35. A fluid potentiometer 
of beating rate and tonal for the generation of beats and 
modulated tones. 


function 
frequency. 


If p and q represent the frequencies of two beating tones, then 


= : + 
sin,2rpt + sin 2rqt = 2 cos 2 ra 4 ( sin mr 


This equation shows that the beats can be obtained in another way, if 
the amplitude of a single tone whose frequency is (p + q)/2 is varied in 
proportion to the cosine of half the beat rate. This was done by means 
of a square trough of insulating material filled with a conducting fluid, 
in whose lower half there were two electrodes covered with platinum 
black as shown in Fig. 9-35. A tone of a frequency (p+ 0/2 was con- 
ducted to these electrodes. The potential difference arising between 
electrode 2 and a probe 3 attached to the rotor R was led to the grid of 
an amplifier tube, and gave à beating tone. The beating rate was twice 
the frequency of rotation of the rotor. If the trough was made narrower 
than 8 mm it was possible to obtain beats faster than 150 per second. 
The fluid was a solution of sodium chloride, and the trough and rotor 
were made of pure bakelite, which is unaffected by the fluid. 


348 THE PSYCHOLOGY OF HEARING 


If electrode 1 was used instead of 2, and 1 was situated on the line of 
intersection of the rotor R with the plane of the trough perpendicular to 
the electrodes, then the potential difference between rotating and fixed 
probes was zero at only one point during a complete rotation. Then the 
tone was 100 per cent modulated. To obtain a smaller degree of modula- 
tion, a resistor was inserted in series with the electrodes and the potential 
was led off from probe 3 and some point on the resistor. Varying the 
position of contact with the resistor controlled the degree of modulation. 

It is clear from Fig. 9-34 that for low tones the maximum roughness is 
less than it is for high tones. Also, as the beat rate is increased the 
roughness falls rapidly for the low tones. These observations agree with 
those of Helmholtz (1) and Stumpf (1; see also Janovsky, 2), who found 
that the beats of low tones seem weaker than those of high tones, though 
the difference is not very great. 

The smaller value of the maximum roughness as seen in Fig. 9-34 for 
the low tones is partly due to the fact that at a sound pressure of 10 dynes 
per sq em the low tones were not as loud as the high tones. The loudness 
variations in the beat cycle were smaller, and so there was less roughness. 
The roughness was smaller also because apparently for low tones the 
loudness does not follow the variations of sound pressure in the beats as 
rapidly as for high tones. Thus if a tone was presented whose loudness 
was equal to that of a 200-cps tone at 10 dynes per sq cm and this tone 
was made to beat at a rate of fifty per second with another tone of equal 
amplitude, the roughness was 10 db less when this tone was 200 cps than 
when it was 600 eps. Yet if the equally loud tone was modulated 100 
per cent, the roughness was independent of the pitch. This is so because 
for a modulated tone the sound pressure remains at its minimum values 
for a much longer time than it does for beats (cf. Waetzmann, 5). 

With beats it is possible also to obtain a temporal course of pressure 
amplitudes like that for a modulated tone. This is the case when the 
amplitude of one of the tones is much smaller than that of the other. A 
large number of observations showed that an amplitude ratio for the 
beating tones below 1:2 (giving a sound-pressure variation at the maxi- 
mum that was not over three times that at the minimum) gave the same 
amount of roughness for all tones from 200 to 4000 eps, provided that for 
equal loudness the sound-pressure changes and the beating rate were the 
same. But if the sound-pressure variations were smaller than 20 per 
cent, so that the roughness approached its threshold, these relations no 
longer held (see Riesz, 1; Beljers; Janovsky, 1). 

The falling off of roughness with the reduction in the amplitude of a 
tone is shown in Fig. 9-36. Here one of the tones, of a frequency of 
800 cps, was at 10 dynes per sq em, and the other, with a frequency of 
850 eps, was varied in intensity as shown on the abscissa. 

It is to be expected that the roughness can be calculated from the 
changes of sound pressure and the resulting loudness changes, which 
may be obtained from equal-loudness functions. Yet the sensations of 
roughness are only loosely connected with loudness variations. For & 
constant variation in loudness the roughness declines as the loudness 
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level falls. The decline is proportional to the fall in loudness level if the 
standard loudness is a tone of 1000 cps. There are large individual 
differences, however. 

The peculiar transformation of loudness variations into roughness 
could readily be followed if the amplitude ratio between two beating 
tones was selected so that the loudness variations seemed equal to the 
constant background tone, or in other words, when the sound-pressure 
maximum gave just twice the loudness of the sound-pressure minimum. 
For beats of about 0.5 eps, for which a direct comparison could be made 
between maximum and minimum, there was a doubling of loudness 
when for a tone of 1000 eps and 10 dynes per sq em the sound pressure 
ratio between beat maximum and beat minimum was 1:0.57. Geiger 
and Firestone obtained a somewhat larger ratio by directly halving or 
doubling the loudness of a continuous tone. If the beating rate was 
increased to two per second, the usual impression was obtained of a 


Equivalent magnitude of the 
roughness, dynes per sq cm 


1 pom CRT B. 9. 10 
Intensity of the 850 cps tone, dynes per sq cm 


Fra, 9-36. Effect of amplitude on roughness. One of the beating tones was 800 eps at 
10 dynes per sq em, and the other was 850 cps at various intensities as shown on the 


abscissa. 


loudness maximum as a separate pulse, and the variations of loudness 
were greatly overestimated. Then a sound-pressure ratio of 1:0.76 gave 
loudness variations that seemed equal to those of a constant, steady tone. 
When the beating rate wes increased further the loudness variations 
seemed to run together, and at fifty per second a sound pressure of 
1:0.33 was required. In order to obtain a roughness equal to the under- 
lying constant tone with a tone of 200 eps and a rate of fifty beats per 
second it was necessary to make the amplitudes of the two beating tones 
equal, for the beats already were running together so that the sound 
pressure had to fall to zero. . 
If the two beating tones were not led to the same ear but were presente 
separately to the two ears, the beating was not heard. . Instead in ul 
a rotating tone (Hornbostel, 1). If the frequency difference ie e id 
l eps, it was easy to observe how the apparent locus of the soun ce 
about the head, but without any alteration in its loudness. If the rate 
of rotation was increased, however, the. spatial variation of the sound 
source was changed into à loudness variation. For a frequency differ- 
ence of 20 eps there was à clear sensation of roughness, whose magnitude 
is indicated by the broken line at the top of Fig. 9-34 for a tone of 200 eps 


350 THE PSYCHOLOGY OF HEARING 


frequeney difference was further 


ply, and the two tones were heard 
; ghness fell off rapidly as the pitch 
of the rotating tone was raised. 


and switching a filter in and out of the earphone circuit. The decrease 
in roughness results from the fact that the beating of the overtones is 
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Fic. 9-37. (a) The roughness of two 
from 256 to 1024 eps, as calculated 


(b) Measurements of roughness over 
sq em, 


Violin notes, one at 256 and the other vary ing 
by Helmholtz. The ordinate seale is arbitrary. 
the same range. The lower scale is in dynes per 


h filled in by overtones. On 
ughness extends over a much greater range of 
pure tones, 


of one was held constant at 256 eps 
ntensity was progressively raised from 256 
he: p 9-37 shows the magnitude of the 
5 Y scale. ere are sharp minima of roughness 
at certain frequency ratios, These results wc saad as a basis for a 

The relation of roughness to frequene 
sine waves with a maximum pressure of 
are shown in the lower part of Fig, 9-3 
for other clangs also, For the | 
agreement with Helmholtz’s ¢ 


Y was measured for two rectified 
5 dynes per sqem. These results 
7. Similar curves were obtained 
arger valleys in this curve there is good 
aleulations. The steeper forms of the 
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maxima of the caleulated data were obtained because Helmholtz assumed 
that the maximum roughness occurs at a beating rate of thirty-three per 
second and that the roughness falls off on both sides of this maximum at 
a greater rate than the measurements showed. Also it is to be noted 
that one ordinate is logarithmie and the other is linear. Moreover 
roughness arising from the various kinds of beats are simply super- 
imposed in order to obtain this general indication, whereas in fact they 
are probably not additive. 

Thus if a tone of 1000 eps was superimposed on another tone of 1070 cps 
and half the sound pressure of the first, the roughness was not increased 
if these beats were weakly modulated with 30 eps. What was heard was 
a “Z” type of beating modulated with 30 eps. For strong modulation 
the roughness was just as great as when a smooth tone whose sound 
pressure was the same as that of the beats was completely modulated. 
Thus the roughnesses do not add, but the total roughness is equal to the 
largest roughness present. 

If the roughness was superimposed not on the same tone but on two 
different tones, there was still no summation of roughness if the frequency 
separation of the tones was more than 200 cps. The tone with the highest 
degree of modulation determined the roughness. For smaller frequency 
separation, however, there was usually an increase in roughness when the 
two rough tones were presented together. An exception occurred when 
both tones were beating with the same tone or were modulated at the 
same rate. Then with the proper phase adjustment the beats or modula- 
tion could produce a mutual compensation of roughness. This effect was 
best observed by simultaneously presenting the four tones 800 + 830 and 
900 + 931, whereupon there was à prominent reduction in the roughness 
once per second at the moment of the beating of the two beats. 

Roughness of Pure Tones. Even pure tones present a certain amount 
of roughness. A tone of a frequency beyond 3000 eps seems completely 
smooth and shows a certain similarity to the steady pressure of a needle 
in contact with the skin. But if the frequency is lowered it is clearly 
noted that a tone of 1000 eps is not as smooth as one of 3000 eps. For 
tones below 3000 eps the roughness can usually be clearly distinguished. 
The lower curve of Fig. 9-38 shows the moderate degree of roughness 
obtained for pure tones of an effective pressure of 5 dynes per sq em. 
Unfortunately these measurements are not readily reproducible, and 
there are large individual differences among subjects. These differences 
are not due to errors of observation, for an intercomparison of three equal 
roughnesses gives a much smaller dispersion of data. Nevertheless it is 
clear that the low tones always approach an impulsive character. Over- 
tones arising in the ear are partly responsible for these effects, for as the 
frequency falls these overtones become louder relative to the fundamental 
tones. : 

"These overtones can be made greater by using square waves of +2.5 
dynes per sq em. Then the roughness 1s greatly increased, as the upper 
curve of Fig. 9-38 indicates. Beyond 300 cps the roughness is not 
measurable. At 50 eps, however, the clang complex already seems 
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completely modulated, for a series of clicks does not become any rougher 
when the frequency is reduced further. 

Relations between Rough and Pure Tones. According to a simple 
place theory every tone has a narrowly limited region of action on the 
basilar membrane. When two tones are acting at the same time they 
will interact only in the regions adjacent to one another, and the exterior 
regions of action of the two remain largely undisturbed. On such a theory 
it is to be expected that the region of action of two beating tones will 
be only a little larger than the general regions of the individual tones. 
Hence such attributes of the tones as the difference threshold and masking 
will remain unchanged. This could be proved experimentally for tones 
that were made to beat with 50 eps. Down to 200 eps the curves of 
equal loudness for both tones remained the same, and also the forms of 
the masking curves as a function of frequency were unaltered. This 
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FG. 9-38. The roughness of square waves (solid line) and of pure tones (broken line). 


was true regardless of whether the rough tone was made to mask the 
smooth tone or vice versa. 

However, there is an important difference in regard to fatigue phenom- 
ena. Thus if the ear is exposed to a strong tone of constant sound pres- 
sure, the loudness of this tone declines continuously with time (page 357). 
It is now to be expected that this fatigue of the auditory nerve will be 
smaller for a beating tone than for a steady tone, because for the beating 
tone there will be times during the decreased periods for the nerve to 
recover (Helmholtz, 1). 

Only 80 per cent of the subjects showed this expected difference, though 
for them the difference was very large. The solid curve of Fig. 9-39 
shows the fatigue effect of a tone of 1000 eps and an intensity of 10 dynes 
per sq em in relation to the duration of fatigue. The measurements 
were carried out by presenting the fatiguing tone to one ear and then at 
the end of the fatiguing period presenting to the other ear a tone pulse 
0.3 sec long and with a sound pressure p; that was adjusted so as to seem 
of the same loudness as the fatiguing tone. The relation between this 

sound pressure p; and the pressure p; of the fatiguing tone of 0.3 sec 
that seemed equally loud was expressed in decibels. If now to the tone 
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Fra. 9-39. The fatigue effects of a simple tone (solid line) and of a beating tone as & 
function of duration. 


of 1000 eps was added a 1005-cps tone of equal sound pressure, then the 
fatigue was much less than that shown by the solid curve, even though 


the maximal sound pressure now was 


tone. 


twice as great as for the smooth 


If the beat frequency was increased, the fatigue became still smaller as 
Fig. 9-40 shows, because for this subject no fatigue was demonstrable 


for beat frequencies above fifteen per 
second. For the pure tone, however, 
there was a fatigue of 33 db. 

These effects are often of importance 
for measurements of loudness that are 
carried out over an extended period of 
time. Thus if instead of the usual 
pure tone of 1000 eps a beating tone 
of 1000 and 1050 eps is used as à 
standard of loudness, most subjects 
show much less dispersion of the ob- 
servations as a result of fatigue. 

If the frequency separation of the 
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Fic, 9-40. Effect of beating rate on 


fatigue. The duration of the fatigue 
was 2 min. 


two beating tones is steadily increased, the two tones are finally heard as 


completely separate. Then the roughness falls off greatly, 


and the two 


tones again show their normal amounts of fatigue. : p 
In Fig. 9-41 these effects are represented. At 2000 cps is shown in 
decibels the fatigue effect of a pure tone of 2000 eps at an intensity of 


10 dynes per sq cm and a duration of 1 min. 
another of equal sound pressure and with a frequency à 
d almost completely until the frequency 
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Fio. 9-41. Effects of frequency sepa 
One tone was maintained at 2000 cps, an' 
on the abscissa. 


ration on the fatigue effects of two beating tones. 
d the other was varied in frequency as shown 
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separation became 200 cps. Only when the frequency separation reached 
600 cps was there again a normal amount of fatigue. 

These results show that tones in the region of 2000 cps must be 600 cps 
apart in order to be completely separated on the basilar membrane. 


FATIGUE PHENOMENA* 


As is well known, for every sense organ a fraction of a second is required 
after a stimulus is suddenly introduced at constant intensity before the 
sensation can attain its full value, and then after a few seconds have 
passed the sensation declines from this maximum as a result of fatigue. 
These relations for the sense of touch have been investigated by von Frey 
and Goldman. They showed that the pressure sensation aroused by 
placing a small weight upon the skin was reduced by fatigue to a magni- 
tude three-fifths to one-fifth of the maximum within 3 sec, the reduction 
varying according to the size of the weight and the surface stimulated. 

Because sensations of sound are produced by pressure on the basilar 
membrane, similar in some respects to the pressure on the skin, we may 
expect that the loudness of a tone will fall off in time because of fatigue. 

According to physiologists (see von Frey), fatigue arises in the sense 
organs and not in the nerves or central nervous system. Thus for sounds 
the fatigue effects arise at the places of pressure stimulation on the basilar 
membrane. Therefore these phenomena may be used to discriminate 
between the various theories of hearing. 

Thus, according to Helmholtz’s resonance theory, a pure tone affects 

only a very small zone of the basilarmembrane. Only here will the nerve 
endings suffer fatigue. Therefore, if after a certain time the frequency 
of the tone is changed by a small amount, the place of stimulation on the 
basilar membrane will be altered only a little from the foregoing, and 
many of the same nerve fibers will be stimulated that have already been 
subjected to fatigue. Consequently the loudness of the second tone 
will be impaired. On the other hand, if the frequency difference is 
greater so that entirely different elements of the basilar membrane are 
stimulated whose nerve fibers are unfatigued, there will not be any 
weakening of the second tone. 
If we take the commonly accepted value of 0.1 as the logarithmic damp- 
ing of the cochlear resonators, then an element whose natural f requency 
departs by 15 per cent from that of a given tone will have an amplitude 
of only one-tenth the amplitude at the resonance point for that tone. 
When the frequency difference is 30 per cent we should expect no inter- 
action at all between the two tones. 

The situation is entirely different according to Ewald's sound-pattern 
theory. According to this theory a pure tone sets the entire basilar 
membrane into vibration in such a way that standing waves arise 
throughout its length. This pattern is identified as a tone by the brain. 

Since apart from the nodes all regions of the membrane are fatigued we 
should expect that any succeeding tone whatever would have its loudness 

* Article 3 as listed in the Author's Bibliography. Published in 1929. 
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reduced. The fatigue would be less only for tones whose frequency 
was an odd multiple or an odd fraction of the fatiguing tone, for such 
tones would have their loops at the places where the fatiguing tone had 
nodes and where there would be no fatiguing of the endings. 

According to the theories of Bonnier, ter Kuile, and Max F. Meyer, 
a damped wave progresses along the basilar membrane. For high tones, 
for which the wavelengths are short, only the region in the vicinity of 
the stapes is involved, whereas for the low tones, for which the wave- 
lengths are long, the wave stimulates a larger region of the membrane. 
Therefore a second tone of a frequency higher than that of the fatiguing 
tone will show the fatigue strongly, whereas one of a frequency lower 
than the fatiguing tone will show only slight effects. 

As will be seen, the fatigue phenomena provide crucial evidence in 
relation to the various theories of hearing. In addition, they are of 
interest in acoustic measurements because they show to a large degree 
the individual differences among subjects. 


Fic. 9-42. Circuit for measuring loudness as a function of the duration of fatigue, 


Fatigue Phenomena. To determine how loudness changes in time 
for a constant tone, the circuit of Fig. 9-42 was used. Oscillator G 
worked into two attenuators bı and bs, which led through interrupters 
Sı and S; to a pair of telephone receivers, one on each ear. The 
attenuators regulated the loudness of the tones and had sufficient damp- 
ing that the opening or closing of the interrupter had no effect on the 
oscillator current (Breisig). a 

The - mre to present the tones at certain intervals of 
time. As may be seen in Fig. 9-43 they consisted of two disks, each 
half enclosed by a metal ring mounted on the same shaft. The cireuit 


was ‚d if both of the springs made contact with the metal ring 
at ud M Each disk us had a ratchet that engaged numbered 
teeth on a gear attached to the shaft. When a button was pressed the 
shaft as shown was coupled to another shaft that was rotating at constant 
speed. It went through one rotation and then stopped automatically. 
(An old Hughes apparatus, made for a telegraphic printing machine, 
was utilized.) By setting the disks according to the numbered cpm 
and making a proper choice of the speed of the shaft by means of the 
gear system, the time the tone would come on after the button was 
pressed, and also the duration of the tone, could be determined. 
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The time relations required by the following experiments were obtained 
by using three sets of these disks mounted on a common shaft. The 
interrupter was arranged so that a long-continued fatiguing tone was 
produced by one receiver, and another receiver on the other ear produced 
a tone of 0.2 sec duration just after the fatiguing tone ended. This 
second tone was adjusted in intensity by means of an attenuator so as 
to have the same loudness as the terminal portion of the fatiguing tone. 
It was found that as the duration of the fatiguing tone was increased the 
test tone had to be made weaker. 

For the data to be reproducible it was necessary to follow each presenta- 
tion with a considerable interval, which amounted to 3 to 8 min according 
to the duration of the fatiguing tone. 

Figure 9-44 shows the variation of loudness with duration for an 800-cps 
tone at an intensity of 10 dynes per sq em. The ordinate indicates the 


Fic. 9-43. Construction of the interrupter. 


loss of loudness in decibels as a result of fatigue. The solid curve 
represents the mean values obtained for ten subjects, and the broken 
curves above and below it represent the smallest and largest effects 
observed. It is obvious that there are large individual differences in 
the effects of fatigue. 

The fatigue effect varies greatly also as a function of the intensity of 
the fatiguing tone. This is shown in Fig. 9-45 where the results are given 
for 800 cps at intensities of 2, 10, and 50 dynes per sq em, and for a subject 
exhibiting average fatigue effects. : 

On the other hand, the fatigue effect bears only a slight relation to 
frequency over the range used, which extended from 300 to 8000 cps 
when the intensity is maintained at 10 dynes per sq em. "This remains 
true for a complex tone or a noise, such as was produced by a rapid 
interruption of the 800-cps tone. For this noise the fatigue effect was 
the same as for a tone if its loudness was made the same, as determined 
by direct comparison. However, when other sorts of noises were used 
in which there were large momentary variations of intensity, the fatigue 
effect was smaller than for a tone of the same loudness. For example, 
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in one test the loudness of a tone declined 10 db wherens that of speech 
declined only 1 db. "This effect plays an important part when the loud- 
ness of speech is being compared with a standard tone, as is often done in 
telephone engineering to measure speech transmission. The measure- 
ments require an appreciable time, and persons who suffer a large amount 
of fatigue will hear the tone as weaker than others will in carrying out 
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Fic. 9-44, The decline in loudness as a function of the duration of fatigue. The 
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intensity of the fatiguing tone. The tone was 
800 eps at three intensities as indicated. 


Also, when two tones are being compared in 
he first seems louder even when the two 


are given exactly the same physical intensity. 


Fro. 9-45. Fatigue as a function of the 


the same observations. 
loudness, it is often noted that t 


To obtain an idea of the extent of recovery, one ear was stimulated for 
2 min with a tone of 800 eps at an intensity of 10 dynes per sq em. 'Then 
the tone was stopped, and after various intervals of time a tone of 0.2 sec 
duration and the same intensity was presented to the same ear. This 
brief tone was matched in loudness with another tone of equal duration 


358 THE PSYCHOLOGY OF HEARING 


in the other ear. Figure 9-46 shows that as the interval was lengthened 
the tone gradually recovered its full loudness. 

It is still necessary to show how the loudness of a tone develops 
immediately after it is introduced. For this purpose the loudness of a 
tone pulse of varying length was compared with that of a tone in the 
other ear with a constant duration of 0.2 sec. As may be seen in Fig. 
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Fic. 9-46. Recovery from the fatigue produced by an 800-cps tone maintained at 
10 dynes per sq cm for 2 min. 


9-47, a tone of 800 cps and an intensity of 10 dynes per sq em reaches its 
maximal loudness after 0.18 sec and then gradually declines. These 
results are for a subject showing an average amount of fatigue. For a 
subject with slight fatigability the loudness only comes within 3 to 5 per 
cent of its full value in 0.18 sec, 
and about 0.5 sec is required for 
the maximum to be reached, after 
which there is a gradual decline. 

If the intensity is increased, say 
to 100 dynes per sq em, the maxi- 
mum loudness is attained in 0.12 
sec for an average subject. For 
intensities close to the threshold 
of hearing, however, it often hap- 
pens that the attainment of full 
loudness occurs only after 0.5 sec. 

0) 01" 102) 03% 20408 Q5 For the frequency range studied, 
Duration. of tong, 866 which extended from 300 to 2000 

Fra. 9-47. The loudness of a tone pulse as eps, the develo 
a function of its duration. : pment of loudness 
followed this same course, if the 
tones were adjusted to the same maximum loudness. For higher tones, 
however, the maximum was reached usually in a 30 per cent shorter 
time. Yet there were large individual differences, and in certain subjects 

no frequency variation could be found. 


Relative loudness 
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Place of Origin of the Fatigue Phenomena. As already mentioned, 
the locus of fatigue is considered by physiologists to be the nerve endings 
of the basilar membrane. Here, we may suppose, the alternating pres- 
sures of the sound through an osmotic action set up changes of concen- 
tration in the various cells, and these changes produce an electrical 
excitation of the nerve fibers. 

It has further been suggested that the ear has a mechanism for pro- 
tection against excessive sound stimulation, just as the eye protects 
itself against too intense light by means of the iris (Mangold). It is 
well known that the tensor tympani, a small muscle, is attached to the 
center of the tympanic membrane and pulls it inward, and persons who 
are able to contract the muscle voluntarily experience a noticeable 
diminution of loudness in a tone or noise. This sort of contraction of 
the tensor, though perhaps smaller in magnitude, occurs involuntarily 


Fre. 9-48. Arrangement for studying the effects on loudness of static pressure in the 
external meatus. 


for every acoustic stimulation and increases in strength when the stimu- 
lation becomes greater. The loudness of tones 1s modified accordingly. 
It is difficult to make à quantitative determination of the tension exerted 
by the tensor, but à similar effect may be produced by increasmg the 


static air pressure in the auditory meatus. Also the tensor does not 


act on the eardrum at a single point, and therefore the difference between 


these two ways of producing tension is not very important. Kessel 
has already shown that such an increase In air pressure in the meatus 
leads to a weakening of a tuning-fork tone. it 

To obtain quantitative results, the arrangement shown in Fig. 9-48 
was used. The case of à telephone receiver was tightly enclosed with a 
housing, with a connection to the meatus through a rubber tube. 
Another connection was made through a capillary to an air pump and a 
water flask, as shown. The depth of the longer tube below the surface 
of the water determined the air pressure, which was indicated by the 
manometer. For the production of negative pressures the pump was 
connected to the shorter tube of the flask. It is important that the 
changes of pressure be made slowly. Rapid changes produce a unilateral 
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displacement of the ossicular chain, which alters the transmission 
charaeteristies of the middle ear in an unpredictable way. 

To determine the effects of pressure changes on loudness, the procedure 
was as follows. With the pump disconnected, attenuator bı was adjusted 
until the tones in the two receivers were equal in loudness. The pump 
was then started, and after a minute the attenuator was again adjusted 
for equality. The necessary change of attenuation represents the change 
in loudness. The solid line of Fig. 9-49 shows how the loudness was 
altered for various frequencies when the eardrum was exposed to a pres- 
sure increase of 10 cm of water. To avoid fatigue effects, these tones 
were presented at an intensity of 2 dynes per sq em. As may be seen, 
the loudness was reduced about 6 db for all the low tones up to 1000 eps. 
(For other subjects this uniform range extended to 1800 eps.) This 
happens because the eardrum vibrates as a whole for tones below its 


+ 
> 


+ 
m 


$» o 


.Loudness change, db 


=-/Ocm of water 


i 
> 


1 
o 


100 500 1000 5000 
Frequency, cps 


Fig. 9-49. Effects on the loudness of various tones of a static pressure of 10 em of water 
introduced in the external meatus. Negative changes represent increases of loudness. 


resonance frequency and an increase in its tension decreases its vibratory 
amplitude. As the frequency is increased, most subjects exhibit a small 
range in which there is an increase of loudness when the static pressure 
is increased. For still higher frequencies, however, only reductions of 
loudness occur, though in close dependence on the frequency. This 
relation to frequency signifies that for these high tones the eardrum is no 
longer vibrating as a whole, but in various independent parts, and only 
at certain frequencies do the ossicles take part in the movements. Kessel 
and Waetzmann have already pointed out this faet, which can be proved 
by direct observation. It may be concluded also that the minor varia- 
tions shown by the auditory-threshold funetion in the middle range of 
frequencies is in part the result of segmental resonances of the eardrum. 
For high frequencies, on the other hand, the changes of tension of the 
eardrum do not seem to have any effect upon sound transmission. This 
evidence thus confirms the experience of otologists that the eardrum is of 
no particular significance in the transmission of high tones. 
If we consider more exactly the changes of loudness produced by 
pressure variations as shown in Fig. 9-50, it is immediately apparent 
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that an intense tone is weakened relatively more than a faint one. It 
appears that an increase of pressure converts the middle ear into a 
transmission system that is poorer for a strong tone than for a weak one. 
Hence a small static pressure makes the eardrum nonlinear in its trans- 
mission. If the eardrum is normally in the same condition of tension, 
then it may well be true that it is the source of combination tones, as 
Helmholtz suggested. In support of this position is the fact that as the 
static pressure increases a pure tone appears to contain an increasing 
amount of overtones. However, Köhler (1), by observing the movement 
of a small mirror cemented to the eardrum, showed that a tensor con- 
traction produced by the loudest sounds only increases the retraction 
of the eardrum by about 30 per cent of its vibratory amplitude. When 
a sound was introduced, the light beam reflected from the mirror showed 
that the eardrum shifted suddenly from its resting position and then 
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Fra. 9-50. Effects of static pressu c the 
Its are for 800 cps at three intensities as shown. 


sound being measured. The resu 


vibrated with an amplitude that nearly reached its original position. 
Jonsequently the change of tension produced by an involuntary tensor 
contraction is of the same order of magnitude as the tension produced 
by sound pressure. For a very loud tone the sound pressure amounts 
to 100 dynes per sq em or 0.1 em of water. As may be seen in Fig. 9-50 
a pressure variation of this small magnitude produces only a slight 
weakening of a sound, and therefore need not be considered as a faetor 
in the production of the fatigue effects. 

It is also improbable that the tension on the eardrum produced by 
tensor contractions ean account for the magnitude of combination tones, 
especially when weak tones are used. Rather, these tones are mainly 
to be ascribed to rectification in the cochlea. It is further to be noted 
that a reduction of static pressure likewise causes an impairment of the 
loudness of the low tones, as shown by the broken line in Fig. 9-49. 
Hence it seems that under normal conditions the eardrum is in a state 
of equilibrium, even though it has the appearance of being under strong 


tension. 
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That the tension of the eardrum has no influence upon fatigue phe- 
nomena can be proved directly by comparing the fatigue curve obtained 
for a negative pressure of 10 em of water with the curve obtained under 
normal conditions. There is no difference between these curves. Like- 
wise the growth of loudness after the onset of a tone can have only a 
limited relation to tensor contractions, for an increase of static pressure 
of 10 em of-water only slightly affects the time of reaching the maximum: 
this time becomes smaller by only about 0.015 sec. Also, the tensor 
contraction requires a certain time to develop. Its weakening effects 
are still small at 0.15 sec, when the loudness maximum is attained. This 
effect is to be contrasted with the situation in which the eardrum is 
already so strongly stretched by an external pressure that a tensor 
contraction cannot have any further effect upon it. 
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Fia. 9-51. Two procedures for measuring loudness changes: (a) loudness comparison 
in the two ears and (b) loudness doubling in one ear. 


Finally it will be shown that the fatigue is not produced by the central 
nervous system. One ear can be exposed to a strong tone of long dura- 
tion without any fatigue effect in the other ear. ; 

The method used so far in obtaining fatigue funetions is not suitable 
for present purposes. What is required is an arrangement by which 
the momentary loudness of a tone can be determined by inereasing the 
sound intensity in the same ear so that the loudness seems to be doubled. 
In this way the fatigue of each ear can be measured independently. 

The method is illustrated in Fig. 9-51. Here a represents schematically 
the temporal course of the tone presentation used earlier, and b represents 
the new method. After some practice the judgment of a doubling of 
loudness can be made with as much certainty as that of simple equality. 
This is especially true if a bracketing method is used, i.e., if the loudness 
is changed until it is larger and then smaller than the desired value, and 
finally a value midway between is taken. In important cases the 
manipulations were made by an assistant so that the subject would not 

be influenced by knowledge of the situation. The two methods gave 
the same values for the fatigue effect. 
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The cireuit arrangement is shown in Fig. 9-52. An oscillator was 
connected to three attenuators in series. Attenuator b; led through an 
interrupter to a telephone receiver that was used to fatigue one ear. 
After an exposure of 2 min the tone was interrupted by switch Ui, and 
at the same time switch Us introduced the tone into another receiver. 
This receiver formed a part of a bridge circuit such that the currents 


Fic. 9-52. Circuit for the measurement of fatigue by the loudness-doubling method. 


through b, and b; were independent of one another. If switch U; also 
was closed for a moment, the loudness in the receiver was increased by 
an amount that could readily be matched by means of the attenuators. 
‘The two superimposed alternating currents were of the same size and of 
equal phase, as was shown by the fact that reversing the polarity of the 
input to one attenuator gave silence. This condition of equality could 
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Fie. 3. Absence of transfer of fatigue from one ear to the i 
ae ee on one ear after the other ear 1s fatigued, and the circles 
represent measurements on the same ear when the other ear has not been fatigued. 


always be attained by adjusting bs and perhaps also inserting a condenser 


i i f the transformer. 
across the input of ba, which balanced the phase error o 1 

If the origin circuit ‘vas then restored, the change in b; that was required 
to double the loudness represented the fatigue effect, for the superimposed 


current had to be reduced continually as time went on. 
Figure 9-53 gives the results. Those represented by the crosses were 
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obtained after the opposite ear had been exposed for 2 min to a tone of 
800 eps at 50 dynes per sq em. Those represented by the circles were 
obtained without any stimulation of the opposite ear. It is clear that 
there is no transfer of fatigue from one ear to the other, and hence fatigue 
is a peripheral phenomenon. 

It was further shown that the fatigue curve was unaltered if both ears 
were fatigued at the same time. Because fatigue arises at the basilar 
membrane, its characteristics are of importance in auditory theory. 

Fatigue Phenomena and Auditory Theory. If after the ear is fatigued 
for 2 min the intensity of a tone is doubled, its loudness is more than 
doubled. It is as though a new tone had been added to the fatigued one. 
These relations are shown in Fig. 9-54. The ordinate represents the 
amount of the fatigue, i.e., how much weaker the tone was after contin- 
uous stimulation of the sort represented by the crosshatched diagram 
as compared with a momentary stimulation at the same intensity. As 
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FrG. 9-54. The temporal course of fatigue when the tone is doubled in intensity. 


may be seen, a doubling of the intensity after 2 min caused the apparent 
loudness to be changed 4 db. 

On the other hand, if the intensity is reduced the weaker tone seems 
to have suffered a disproportionately large amount of fatigue. After 
a while the curve shows the amount of fatigue that it would have shown 
= ‚the original intensity had been maintained. This is represented in 
Ho red m E waris of the sound pressure; the apparent change in 

It is clear that a change in intensity of a fatigued tone produces an 
exaggerated effect. This fact needs to be taken into account in all 
acoustic measurements, and will be investigated further, For present 
purposes we may presume that when the fatigued nerve endings are 
exposed to a new excitation that exceeds a previous one the fatigue effect 
is reduced. Also, this reduction becomes greater as the second excitation 
exceeds the first, until finally there is no fatigue effect at all. On the 
other hand, if nerve endings are exposed to a smaller excitation there is 
an enhanced fatigue effect. When a tone has fatigued a certain region 
of the basilar membrane and then a tone of a different frequency is 
presented, this second tone must have a different pattern of action from 
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the usual one. Its effect is smaller in the region of the fatiguing tone 
than elsewhere. This departure from the usual pattern of stimulation 
is perceived as a noise that appears along with the usual tone. This 
noise is clearly audible when a sudden change of frequency is made in a 
long-continued tone, especially at low frequencies. Also there is a reduc- 
tion in the loudness of the second tone because of the preceding fatigue. 

This reduction depends upon the particular sound pressures of the 
two tones. Therefore, to make the principles easier to comprehend for 
theoretical purposes, the investigation was carried out at a constant 
sound pressure of 10 dynes per sq em for all tones. — Also, at this sound 
pressure there is equal loudness for tones over a broad range, as the equal- 
loudness curves indicate (Kingsbury). Therefore the excitation of the 
nerve fibers remains constant even when the frequency is altered, and 
there is constancy also in the amplitude of vibration of the eardrum and 
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Fra. 9-55. The temporal course of fatigue when the tone is halved in intensity. 


cochlear fluid. Accordingly, it becomes easier to make comparisons for 
two different frequencies. 

The reductions of loudness were investigated in the following manner. 
One ear was exposed for 2 min to a tone of 800 eps and a sound pressure 
of 10 dynes per sqem. Then a tone pulse 0.5 sec long and of some desired 
frequency and the same sound pressure of 10 dynes per sq cm was applied. 
This loudness was compared with a second pulse of the same frequency on 
the other ear. After an interval of several minutes the measurements 
were repeated, but without any preliminary fatigue; the sound pressure 
of the pulse in the second ear was kept constant, and the intensity of the 
pulse in the first ear was altered until the two pulses seemed equally loud. 
The extent to which the sound pressure of the first pulse had to be changed 
relative to its original value is shown in Fig. 9-56. Here we see the 
fatigue effect for 800 eps, and much smaller effects for frequencies above 
and below. ; x . 

'l'hese results do not support Ewald's hypothesis, according to which 
the fatigue ought to be uniform for all frequencies. Moreover, the band 
of frequencies within which there is a mutual influence of two tones is 
much too broad for a resonance theory that accepts a logarithmic damping 
of 0.1. Nor does it appear that tones of high frequencies are fatigued 
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to a greater extent than those of low frequencies, as should happen 
according to the theories of Bonnier, ter Kuile, and Max F. Meyer. 

The results lend a certain probability to the view that the nerve endings 
of the basilar membrane are excited by the direct pressure of fluid eddies 
in the cochlea rather than by the movements of the basilar membrane 
(see page 420). The observations of these eddies made on the cochlear 
model provide the best representation of the form of the fatigue function. 
The present view concerning the stimulation of pressure receptors is 
that pressure produces a change of concentration in the sensory cells by 
osmosis, which in turn gives an electrical excitation of the nerve fibers. 
On this hypothesis it is easy to understand why the rapidly alternating 
positive and negative pressures that constitute a tone would not produce 
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Fic, 9-56. Fatigue effects of a tone of 800 eps on various tones of equal intensity. 


as large osmotic changes of concentration as are produced by the steadily 
acting pressure of the eddy. 

It may also be shown by means of fatigue phenomena that there is a 
sharpening up of the pitch of a tone by operation of the law of contrast. 
The results are not in support of the manner of appreciation of pitch as 
accepted by the resonance theory, according to which every discrimi- 
nable frequency sets a particular fiber into resonance and every associated 
nerve fiber represents only one particular tone. This follows from the 
fact that the pitch of a tone can clearly be altered by fatigue. 

Consider, for example, the solid curve of Fig. 9-57, which schematically 
represents the stimulation along the basilar membrane for a tone of 800 
eps. After fatigue, another tone of different frequency will have its 
pattern of excitation weakened on the side toward the 800-cps region, 
and therefore its point of maximum excitation will be shifted. The 
shift is downward for a lower frequency and upward for a higher fre- 
quency. Thus, in general, tones above the fatiguing tone will be raised 
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in pitch, and those below it will be lowered in pitch. It might also be 
supposed that the elasticity of the basilar membrane is reduced by fatigue, 
but then all tones would be raised in pitch, which cannot be observed. 
To measure these phenomena, the arrangement of Fig. 9-58 was used. 
When the four-pole switch was moved downward from the position shown, 
the left receiver was first actuated through oscillator G; and attenuator 
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Frc. 9-57. Schema showing the effects of fatiguing with 800 cps on the pattern of 

excitation along the basilar membrane. 


bı. This switch presented the fatiguing tone of 800 cps and 10 dynes 
persq em. After 2 min the next lower contact of the switch was closed, 
connecting the same receiver to oscillator G2, and the intensity was 
adjusted by means of attenuator b, so as to make this tone seem of the 
same loudness as the first tone at the end of the fatigue period. Finally, 
when the switch was moved to its lowest position, oscillator G» gave a 
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Fia. 9-58. Circuit for measuring the effects of fatigue on pitch. 


or a moment so that the subject could ascertain 
whether the pitch was the same as in the fatigued ear. The frequency 
of the tone in the unfatigued ear could be changed by adjusting a variable 
condenser in the oscillator circuit. . 

"he magnitude of the frequency variations between the two ears after 
one of them had been fatigued with 800 cps is shown in Fig. 9-59. There 
are large individual differences, and certain persons do not show the 


tone in the unfatigued ear f 
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Fia. 9-59. Effects of fatigue on pitch. 


maximum variations at 1200 and 500 eps but at 1050 and 650 cps as 
indieated in Table 9-2. 


TasuE 9-2 


Frequency, eps 300 400 500 600 700 800 900 1000 1100 1200 1300 
Change of 
frequency, 
per cent..... —1.4 —2.0 -3.5 -5.6 —4.6 +0.1 +5.4 49.1 +7.8 +3.5 +1.4 


Both the figure and the table show that tones lower than the fatiguing 
tone are reduced in frequency, and those above it are raised in frequency. 
These results cannot be accounted for in any simple way by the theories 
of Bonnier, ter Kuile, and Max F. Meyer. 


CHAPTER 10 


ROOM ACOUSTICS 


OPTIMUM REVERBERATION TIME* 


If a tone of constant intensity is suddenly sounded in a large room, the 
loudness attains its final value in an instant, whereas after the tone is 
suddenly stopped it may continue to be audible for several seconds as a 
sustained reverberation. The playing of music therefore is disturbed 
by the aftereffeet produced by the room, because of the masking of the 
succeeding tones. 

The nature of reverberation has been extensively considered in a 
theoretical way in recent studies by Schuster and Waetzmann, Strutt, 
and Eyring, and direct measurements of the reverberation time have 
been carried out by E. Meyer, Strutt, Olson and Kreuzer, and Wente 
and Bedell. The following study will be concerned with the extent to 
which the reverberation time must be reduced to permit the playing of 
musie without disturbance and at the same time keep the sounds audible 
at great distances from the sound source. For speech, as Knudsen (3) 
demonstrated, the most satisfactory conditions can be found in a simple 
way by measurements of the intelligibility of syllables, for this form of 
intelligibility is a good indication of the quality of speech. Unfortu- 
nately, a corresponding indication for musie cannot be found. 

The Conscious Present. For the study of slowly fading vibrations, use 
was made of an undamped oscillatory circuit that formed part of a resist- 
ance-coupled amplifier. The coupling element was chosen so that the 
feedback for the range of frequency used had the same phase as the 
vibrations of the oscillatory circuit. Then the oscillatory circuit faded 
away at its natural frequency. If the resistance A; of Fig. 10-1 was 
adjusted so that the energy loss in the oscillatory circuit was just com- 
pensated by the amplifier, then when switch U, was opened the surge of 
voltage in the coil of the inductor produced a sinusoidal current of con- 
stant amplitude A. If switeh U, was opened, the loss in the oscillatory 
circuit was increased and the amplitude decreased according to the 


formula " 
2 

J = Ae 2 

where L is the inductance of the air-core coil and ¢ is the time after switch 
U, was opened. When switch U, was closed the decay process became 


* Article 9 as listed in the Author's Bibliography. Published in 1931. 
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Fic. 10-1. Damped resonant circuit for the study of slowly fading vibrations. 


very short because of the strong increase in damping of the oscillatory 
circuit by the briefly closed secondary of the coil. So that the disturbing 
decay process would not be audible, an interrupter U; was operated at the 
same moment to cut out the phone located beyond the attenuator b. 

To a sound pressure J according 
to Fechner’s law corresponds a 
loudness 


TE 


[>] 
m 
[e] 


AI J 


where Jo is approximately one-fourth 
of the actual measured threshold, 
AI/I ~ 0.05 is the difference limen 
for sound pressure at a high loudness 
level, and k is a constant. 

For fading intensities the decline 
in loudness is given in Fig. 10-2. 
Though Fechner’s law holds only 
for brief pulses of tone, the decline 
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Fra. 10-2. Approximate form of the loudness — Fra. 10-3. Indicated form of the loud- 
function for fading tones. ness function for fading tones for a 


number of subjects. 


in loudness seems to be correctly represented, for subjectively the loudness 
seems to follow the course indicated in this figure. If the duration of 
audible fading was below 0.8 see, all subjects represented it as a declining 
straight line. For longer durations, however, they drew curves like 
those shown in Fig. 10-3. 

From these curves it is clear that after about 0.8 sec there is a slight 
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decrease in loudness for a period of time that is independent of the loud- 
ness of the tone. This decrease appears at a certain time after the decline 
of loudness begins, and a sounding of the tone for a period before the 
decline has no effect, as the lowermost curve of Fig. 10-3 indicates. 

More exaet observations showed that there actually is no momentary 
decline in loudness, but that it is impossible for a person to follow a 
continually changing phenomenon for a period longer than 0.8 sec. 
After this period there is a momentary lapse of consciousness, and then 
the loudness returns to its original level. 

The sudden presentation of a weak continuous tone makes this readily 
observable. The constant character of its amplitude comes to conscious- 
ness only periodically. "The period of time during which consciousness 
lapses can be reduced with practice, so that what is observed approaches 
more closely to the physical reality. 

If the duration of the audible decline exceeds 0.8 sec the process of 
decline can no longer be perceived as a whole, as it is split up into parts 
by the momentary lapses of consciousness. The fact that unitary 
perception applies only to phenomena lasting no more than 0.8 sec is 
clearly apparent subjectively, and is well known to psychologists. Stern 
referred to this period of time as the conscious present. 

The general significance of this period of time is apparent in the - 
structure of speech, for the number of syllables that enter into the for- 
mation of words is such as mainly to require the conscious present for 
their enunciation. Only then is the word apprehended as a whole. 
Table 10-1 gives the percentages of occurrence of different numbers of 
syllables in continuous text for both nouns and verbs. It is apparent 
that words of more than four syllables are comparatively rare. In 
normal speech a syllable takes about 0.21 see, so that in this way we 
obtain the value of the conscious present as 0.84 sec. 


Number of syllables....... -+--+ 1 2 3 4 5 6 7 
Frequency of nouns, per cent..... 17.5 45.2 22.0 11.4 34 0.3 0.1 
45.4 16.4 TA 1.2 00 9:9 


Frequency of verbs, per cent... 29.3 


At the end of every conscious present à person in a sense waits for à 
new impression. Therefore it is clear why acoustic and visual reversals 
of perception appear at this periodicity. If in a long series a reversal 
fails to appear at the moment that it should, it is obvious that the next 
one does not occur at an arbitrary time, but rather after double the 
conscious present, so that the rhythm of the series remains undisturbed. 

If the interval between the successive clicks in a uniform series is about 
0.8 see the observer has the impression, as Vierordt has pointed out, that 
the series is neither fast nor slow. Then each click comes at the begin- 
ning of a new conscious present, and a new click is heard always at the 


expected moment. 
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If this rhythm is beaten out with a finger, there are two impressions. 
One consists of the muscular movement of the finger during the conscious 
present, and another is the apprehension of the finger movement asa 
special phenomenon that initiates the conscious present. In this situa- 
tion the periods are 0.1 to 0.2 sec longer. The first of these impressions 
is the usual one and corresponds to the conscious present for the playing 
of music or of listening to it. 
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Fia. 10-4. Course of the conscious present for two different subjects. 


In order to show how elearly a rhythm is perceived that seems neither 
fast nor slow, finger movements were recorded graphically over a period 
of 15 min, or more than a thousand times. Figure 10-4 shows for two 
subjects the mean values of the first ten movements occurring at the 
beginning of each minute. Thus the beating out of a rhythm that seems 
neither fast nor slow may be used to study the variations of the conscious 
present. 

If another phenomenon is connected with this beating, the conscious 
present increases. ‘Thus if at each beating a click is heard that is 60 db 
above threshold, the conscious present lengthens by 10 per cent on the 
average. A preliminary exposure 
to a continuous tone has the same 
effect. 

The changes are greater if a per- 
son beats out a rhythm different 
from the conscious present over an 
extended time. To study this ef- 
fect, the normal rhythm was first 
produced and recorded, and then 
1 1 some slower rhythm was produced 
in as uniform a way as possible for 2 min. The mean length of the 
periods used are shown on the abscissa of Fig. 10-5. After a delay of 1 
min the normal rhythm seemed to be prolonged to a significant degree, 
as the ordinate of Fig. 10-5 indicates. The points are for one subject, and 
the curve is the mean of a number of subjects. 

If a more rapid rhythm was produced, the percentage changes were of 
the same order. The slow rhythm cannot be longer than twice the 
conscious present, for then the period is voluntarily broken into two 
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parts, just as a rhythm that is twice too rapid is involuntarily converted 
into a normal rhythm with two beats per period. 

If in Fig. 10-1 the resistance Rs is adjusted so that, as in Fig. 10-3, 
just three reduetions of loudness (let us say) occur while the loudness is 
declining to threshold, these are reduced to two if just before this a slow 
beat is produced. This observation shows that there is an apparent 
reduction in the decay time. It follows that the reverberation time of a 
room will be heard as prolonged and as more disturbing on listening to a 
piece of music that is played in lively fashion, as compared with a piece 
played in slow rhythm. 

If within the conscious present there are strong momentary variations 
of loudness or pitch, its duration tends to be greatly prolonged. "This 
fact may be seen in Bolton's observation of the formation of groups in a 
continuous series of clicks. Thus on listening to a series of clicks in 
which the intervals between clicks are shorter than the conscious present, 
there is an involuntary assembling of several of them into a unitary 
temporal group, and indeed the entire series is broken up into individual 
groups of the same sort. Table 10-2 shows the durations of the individual 
groups when the number of clicks varies from two to eight. 


"TABLE 10-2 


Number of clicks Duration of a 
in a group group, see 


1.590 
1.380 
1.228 
1.014 
1.160 


to 


Om 0s 


It is apparent that as the number of clicks in a group increases, the 
conscious present becomes shorter. This happens because as the series 
becomes more rapid the clicks flow together more and more and increas- 
ingly give the impression of a homogeneous stream of sound. Finally, 
for a continuous noise or for flowing speech the conscious present attains 
a value that varies little from the normal rhythm. - Sr 

These preliminary studies have indicated that the rhythmic variations 
of loudness and pitch in musie are such as to produce a conscious present 
lasting 1.2 sec on the average. It is still necessary to obtain a value that 
will be acceptable for room acoustics and other general purposes. 

Individual differences in the conscious present are usually large. 
Various subjects have given values for a rhythm that is neither fast nor 
slow between 0.6 and 1.1 see. However, the differences are much smaller 
for musical presentations. Good agreement was found among subjects 
regarding the most comfortable tempo of a piece played on a mechanical 

iano. 
ei The Conscious Present and Its Relations to Reverberation Phenomena. 
The limited range of consciousness applies not only to temporal but also 
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to spatial conditions. It is possible to attend to only a relatively small 
portion of auditory space at any one instant, and this portion may be 
termed the area of apprehension. Thus if two different sounds are 
introduced into the auditory space at the same time, one on the right and 
one on the left, it is not possible to attend to the two different directions 
at the same time. If the eyes are closed the two sounds are heard at the 
same place, or else only a single sound is heard at a time and the attention 
jumps from one to the other, with a jump occurring at the end of every 
conscious present. If the two sounds have something in common, such 
as the same rhythm, or consist of two continuous tones of different 
frequency that are interrupted or weakened in the same rhythm, then 
these are heard at the same place. If the two tones are about equally 
loud and enter into the rhythm simultaneously, they seem to appear at 
a point midway between their true locations. If one sound is the louder 
or enters the rhythm earlier, the common sound image shifts in its 
direction. 

A loudspeaker was used to produce a continuous tone of uniform 
intensity in an auditorium with bare walls. (The room had a volume 
of 250 cu meters and a Sabine reverberation time of 2 sec.) When a 
subject was attending to the sound, the tone was suddenly stopped. By 
the sudden stop the attention was focused to the sound source and the 
reverberation that came from all sides was put into the area of apprehen- 
sion of the sound, because the sound was not stopped suddenly but 
gradually subsided according to the damping of the room. In this 
situation it was necessary to station the observer a certain distance away 
from the sound source so that the loudness of the reverberation was at 
least of the same order of magnitude as the loudness of the direct sound. 

At the end of the conscious present following the cessation of the sound 
a new phenomenon ought to appear, and hence the area of apprehension 
ought to expand and the attention take on a more diffuse character. In 
more relaxed observations the area of apprehension was altered only 
after the conscious present was over, but a rapid alteration of the area 
of apprehension can be obtained also by a considerable effort. 

If during the conscious present the reverberation did not fall all the 
way to the threshold, it no longer seemed to be at the locus of the sound 
source but seemed to be free in the expanded area of apprehension. It 
appeared in consciousness as spatially separate. 

If the reverberation was audible only during a period that was twice 
the conscious present, it seemed to come always from the immediate 
neighborhood of the source. If it lasted still longer, the listener had the 
impression that it came from whatever place he directed his attention to. 

To carry out these studies it was not necessary to change the damping 
of the room. It was sufficient to use a room that was slightly damped 
and to adjust the intensity of the sound so that the reverberation required 
the desired time to reach the threshold. 

If two sounds located at different places in the room had little in com- 
mon, or if the attention was especially directed to one of them, then one 
of these was more or less suppressed during the conscious present. This 
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interaction occurred also between a sound and its reverberation. There 
was little suppression of the reverberation produced by a sinusoidal tone 
because the reverberation had practically the same tonal character. 
Then the loudness subsided in the fashion indicated in Fig. 10-6a. For 
a noise, however, the reverberation has an entirely different timbre, and 
it is suppressed. Therefore there was a momentary decline in loudness 
at the switching off of the noise. The reverberation then was heard in an 
entirely different direction after the end of the conscious present, as the 
crosshatched portion of Fig. 10-65 indicates. 

Many subjeets were able to obtain the two different forms of loudness 
decline for noises merely by changing the concentration of attention. 
With practice, localization of sound in space was improved, the spatial 
attention was sometimes increased, and then the reverberation was always 
suppressed. The localization could be made smaller by listening with 
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Fre. 10-6. Two forms of decline in the loudness of a sound in a reverberant room. 
Form (a) is characteristic of tones and form (b) of noises. 


one ear. Another way was to let the tone or noise continue for 10 to 30 
sec, whereupon the attention usually faded out for the loudness changes 
that followed. Also if the person moved about the room while making 
his observations, the resulting changes of direction and distance relations 
led to a less pronounced focusing of attention in space. 

The following study shows how a spatial attitude can greatly suppress 
a sound. The loudspeaker Le in Fig. 10-7 along with its attenuator was 
arranged in a bridge circuit so that when switch S was opened the 
bridge was balanced and a sound was produced by Lı but not by Ls. 
When switch S was closed only Lə gave a sound, and its attenuator was 
adjusted so that at the place of observation the two loudspeakers produced 
sounds that were equally loud. If the rotating switch § was set so 
that it was open during one half of the conscious present and closed 
during the other half, the subject heard a noise of constant loudness when 
the loudspeakers were placed close together. But if the speakers were 
separated by about 2 meters, a casual observation from a distance of 
5 meters always gave a constant noise, whereas listening with a better 
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concentration of attention had the effect that only one of the speakers 
appeared in the area of apprehension and the loudness varied at the 
moment of the interruptions. During the intervals between, the second 
speaker came through only faintly. If the distance between the two 
speakers was made still greater, the loudness variations were always heard. 

The fact that a sound outside the area of apprehension is either 
suppressed or projected into this area is responsible for the phenomenon 
that in a room with reflective walls not all reflections of the source are 
heard separately but only the sound source itself. However, in this 
connection it must always be noted that the loudness of a reflected image, 
despite the presence of large reflecting projections or surfaces, must not be 
greater than the loudness of the sound coming directly from the source. 
Otherwise the sound source will be placed in the direction of the reflecting 
walls. By breaking up the reflecting surfaces into numerous smaller 
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Fi. 10-7. Circuit used to study the suppression of one of two sounds according to the 
separation of the sound sources. 


surfaces it is possible to make the various reflected patterns weak and 
widely distributed over the area. 

The relations were entirely different if two microphones were put in the 
positions occupied by the two ears and these led through a pair of distor- 
tionless transmission systems to the two ears. Then the attention could 
be focused in a certain direction, but it was no longer possible to vary the 
apparent distance because it was determined by the loudness. 

If only one microphone was used, there was no possibility of a determi- 
nation of direction, so that in general the sound waves transmitted by the 
microphone were always contained within the area of apprehension. 
Thus the entire auditory space was always perceived at once, so that 
there was no suppression of the reverberation. When the source of 
sound was suddenly cut off the tone always faded away gradually accord- 
ing to the damping of the room. In this way the reverberation became 
much more important than in ordinary hearing. Moreover, the apparent 
— of the sound source also was lost when the microphone system 
was used. 
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Apparent Extension of the Sound Source. If from a great distance 
one listened with closed eyes to a loudspeaker that was made to produce 
an interrupted tone of 800 cps at a barely audible intensity, the emitting 
surface of the speaker seemed to possess at most a width of a few centi- 
meters. If the intensity was increased, however, the circular emitting 
surface grew larger, as shown in Fig. 10-8. 

Up to a diameter of about 1.5 meters the size of the sound image was 
determined by the loudness at the listening point. In free space or in a 
reverberant room, the size of the image changed uniformly with the 
loudness at the listening point. If instead of the interrupted tone of 
800 eps a continuous pure tone of 100 eps was used, the sound image 
seemed larger for the same intensities. With a shrill noise it seemed 
smaller. Here are the same relations 
found earlier in directional hearing: 
with two earphones, where also the 
sound image of a continuous tone of 
low frequency seemed significantly 
broader than that of an equally 
loud noise of high timbre. 

As the size and breadth of the 
sound image grew greater its edges 
became less definite. Therefore the Dio Fee ai ae T 
smallest perceptible change in tlie E RR df apparent size of 
displacement of the loudspeaker is INC ats loudness at the 
nearly proportional to the image size, observation point. 
just as in directional hearing. The ; i 
difference limen for both directional hearing and change in the location 
of the image therefore may be made small by the choice of à medium 
shrill noise. 

The size of the sound image is independent of the breadth of the 
vibrating part of the loudspeaker. Two speakers of exactly the same 
type connected in parallel were placed at distances from each other of up 
to 1.5 meters without any effect on the size of the image. If the speakers 
were not exactly equal, however, and a difference in timbre arose, the 
image at this separation of the two speakers had an elliptical form when 
listened to from a distance of 5 meters. 3 

If two people read the same text simultaneously it was found that the 
individual syllables of the sound image were exactly round. But if the 
texts were different and the syllables were not spoken in exact syn- 
chronism the image was broader. Finally, when there were large differ- 
ences between the two speakers there was a breaking up into two separate 
images. Several persons are rarely able to speak or sing in a high degree 
of accord, and therefore the sound image of a chorus usually seems to 


consist of an assembly of surfaces. — ^ 
For a single singer or a single instrument the connection between 


the changes in image size and the changes in loudness do not attract our 
attention. For a mixed chorus or an orchestra, however, there is a 
special movement caused by the waxing and waning of the sound image 
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at different places in the group. It is likely that a certain size of image 
seems appropriate for every size of room, just as there is a certain size of 
picture that is appropriate for a given room. 

Best Reverberation Time for a Concert Room. In free space the 
pressure of a sound declines in proportion to the distance of its source. 
At a great distance, therefore, the intensity is no longer adequate for 
musical purposes. In a room, on the other hand, repeated reflections 
from the walls give rise to a sound field, in addition to the direct one, 
whose intensity is nearly the same at all points in the room. Because 
of its uniform distribution this field is satisfying to all listeners. By a 
reduction of the absorption in the room the magnitude of the reverbera- 
tion ean be inereased considerably in proportion to the direct field, 
especially near the walls. However, this improvement of audibility 
in the room has a limit because of the lengthening of the reverberation 
time that is associated with it. If the actual reverberation time is longér 
than the conseious present, the reverberation produced by a momentary 
change in pitch or intensity becomes distinct from the sound itself, is 
separately perceived and occupies the immediate region of the source. 
Though in general this separate perception of the reverberation is highly 
disturbing, it is nevertheless true that for a passage in fortissimo it 
contributes greatly to the presentation by enlarging the sound image. 

The most satisfactory reverberation time for a room will therefore be 
defined as the actual heard reverberation time that equals the conscious 
present for a passage in mezzoforte. A great enlargement of the reflected 
sound field is therefore undesirable. The separate apprehension of the 
reverberation causes an involuntary concentration of attention upon the 
sound souree, which leads to a suppression of the reverberant field, and as 
time goes on the concentration of attention is fatiguing. 

The situation is different if the listening is done over a transmission 
system. "Then there is no separation of the reverberation from the source. 
On the contrary, the apparent decay time of the instrument is usually 
prolonged by the reverberation, with an extremely disturbing effect. 
This is so because unlike ordinary listening there is no suppression of the 
reverberation at appropriate moments by an effort of attention. The 
prolonged decay time produces a jumbling of the tonal passage. 

However, the optimal decay time for this case will not be considered 
further here, as it is mainly important for the construction of studios and 
for musical instruments. As the actual reverberation time depends 
upon the intensity of the sound source, we shall next consider how the 
intensity of singing or playing depends upon the size of the room. 

For subjective measurements of the loudness of the free sound field in 
a concert room, use was made of an instrument constructed by Bark- 
hausen and shown in Fig. 10-9. A distance from the source of about 
3 meters was chosen for which the intensity of the direct sound field 
exceeded that of the reflected field. Then a small phone of the sort used 
in hearing aids was inserted into the ear, and the attenuation was 
adjusted while the button was pressed as shown, until the loudness of the 
sound presented in the small earphone was equal to that in the other 
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ear, which was exposed to the free sound field. Fatiguing of the ear by 
high intensities of sound was avoided by the use of single clieks rather 
than tone pulses. Also the apparatus was small enough to be kept in a 
pocket, so that measurements could be carried out inconspicuously. 
Furthermore, the great difference in the character of clicks and music 
made it easier to concentrate on the click by an effort of attention, 
because the sound in the ear exposed to the free sound field, of course, 
could not be switched off. 

It was observed that a speaker concentrates his attention entirely on a 
listener, and when he is farther away he regulates his voice so that its 
intensity will be maintained. How well various speakers sueceed in this 
adjustment was shown in an experiment in the open, where the speaker 
tried to make the intensity at various distances the same as that for 
normal conversation at 4 meters. Up toa distance of 40 meters the errors 


Fic. 10-9. Pocket instrument for measuring loudness. 


in the adjustments of intensity were below 40 per cent. At greater dis- 
tances it was not possible to speak as loudly as the conditions demanded. 
These large increases in speech intensity only occur for certain vowels, 
like a, o, e. The consonants, like g, m, n, are spoken with little greater 
loudness than in ordinary speech. Therefore the quality of speech 
declines markedly as its intensity is increased. Figure 10-10 shows how 
the syllable intelligibility declines as the intensity rises above that of 
ordinary conversation, when measured as the percentage of syllables 
understood correctly on reading continuous text made up of unfamilar 
syllables. The loudness was kept constant for the listener by varying 
the distance in the open air or by adjusting the attenuation of the 
transmission system. This raising of the voice 1s highly fatiguing, and 
the results showed wide variations according to the speaker's incentive 
and the length of the discourse. art . 
The relations seem to be entirely different for singing and the playing 
of a musical instrument. Here the attention is directed so much on the 
performance itself that the listener is considered only incidentally. The 
intensity of singing is determined to a large extent by the loudness as the 
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singer hears it. 


better by the use of a masking tone of 800 eps, 


playing is inereased in proportion 


this relation holds mainly for the faint passages. 
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If his threshold is raised by stopping the ears or even 


the intensity of singing or 
to the threshold change. However, 
For the intense passages 


the intensity is limited by the maximum tension that the muscles are 
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able to exert. 

The distance between an instru- 
ment and the ears of the player 
can hardly exceed 1 meter, and for 
him the intensity of the direct sound 
field is large relative to the rever- 
beration. Therefore the reverber- 
ant conditions of the room are 
hardly perceived during his per- 
formance. This is particularly the 
case if the actual reverberation 


Fic. 10-10. Impairment of intelligibility 
as a result of increasing the speaking 
intensity. 


time does not exceed the conscious 
present. During his playing he 
will hear the reverberation only for 
the loud passages, and then only if he tries to shorten the conscious 
present by a special effort of attention. This is difficult to do because it 
is likely to disturb the rhythm of the playing. 

Because the reverberation has relatively little effect, most performers 
are accustomed to playing at a certain intensity, independently of the 
size of the room, provided that the actual reverberation time does not 
greatly exceed the conscious present. This condition was established 
for singers, violinists, and cellists, who performed at the same intensity 
in a room with a volume of 300 cu meters as in the open air, when the 
distance from the listener was 


great. 

If several persons sing the same c, 
song, as in a chorus, the radiated 23”! 
sound energy increases in propor- $$ 
tion to their number. Therefore £% 
the increase in sound pressure as za 
observed at a great distance ought 35 
to be that shown in Fig. 10-11 by &” 
the broken curve. Because the 


members of à chorus are spread 
out, however, the actual increase 
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in loudness is relatively small. 
This loudness can be made to seem 
even less by a concentration of 


Fic. 10-11. Apparent loudness of vocal 
sounds as a function of the number of 
persons singing in a concert. 


the attention upon a single singer. Conductors are particularly able 
to do this because they are practiced in singling out a particular voice. 
It is possible to isolate from a large mixture of sounds only something 
that is already known to a certain extent and which therefore has only 
to be recognized. 
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The departure of the reverberation time from its most suitable value 
is sensed as much more unpleasant for solo playing or singing than for the 
playing of an orchestra. With an orchestra the playing in accord makes 
the sound image large and diffuse, so that its further enlargement. after 
the conscious present has ended does not seem strange. Also, with an 
orchestra, when one instrument has ceased another comes in at another 
place, and correspondingly the attention shifts about so that the reverber- 
ation of the first instrument is poorly observed. Therefore a long rever- 
beration time is not as disturbing as for solo playing and singing, in 
which the direct sound always comes from one place and the reverberation 
most often comes from an entirely different place. 

Hence it seems that the reverberation time should be selected so that 
the most satisfactory conditions are obtained for solo singers and players. 
‘Then the limited sound energy that they produce can be fully utilized. 
At the same time the longer reverberations for an orchestra will not be 
seriously disturbing even though at high energy levels. 

For a particular soloist the sound energy was found to be independent 
of the volume of the room, and therefore in the determination of the 
optimum reverberation time we can regard the rate of emission of sound 
energy as constant. If L is this rate of emission, a the average absorption 
of the walls, c the velocity of sound, and ¢ the time after the stopping of 
the sound source, then the energy density E of the reverberant field in a 
cubie space with a length on one side of D is 


Z V3 c loge (1 —a), 
E = —=—_ e d 
V3 caD? 


To obtain the optimal damping of the room, the energy density must 
reach the threshold in the conscious present t = T», or E E H, whereupon 
the relation between room size and the best damping a is given by 


É Arie Zn, 


— € 
V3 caD? 


The reverberation time, or the time ¢ = 7 within which E declines 
120 db, is obtained, according to Sabine, from the equation 


rik bilori D. Tu. 
4/3 c log, (1 — a) 


The following method was used to obtain the relation between the rate 
of radiation of sound energy in the singing or playing of a moderately 
loud passage and the sound energy at threshold. In a room with known 
dimensions D and absorption a the reverberant field was measured by 
means of a sound-level meter. It was necessary in these measurements 
to take a position as far as possible from the sound source and close to 
one wall, for then the direct field was small relative to the reverberant 


field. 
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If during the presentation of the sound the pressure of the reverberation 
is stronger than the auditory threshold by P;/Py-fold, then the energy 
density E inereases with the square of the pressure, or 


van ial h 
V3 caD? 


For the measurements that were carried out, P,;/Py = 3 X 10°, 
D = 7.0 meters, and a = 0.14, hence L/H = 3.6 X 101. 


Emo = (P;/Pu)} H = (10-2) 
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Cube root of room volume, meters Cube root of room volume, meters 
Fic. 10-12. The optimal absorption ina — Fra. 10-13. The optimal Sabine reverbera- 
room as a function of its volume. tion time as a function of room volume. 


The best values of a and D as calculated from these data are shown in 
Fig. 10-12 for a conscious present of T — 1.2 sec. Figure 10-13 shows 
the best Sabine reverberation times derived by Eq. (10-1). Finally, 
Fig. 10-14 shows the relation between the sound pressure of the reverber- 
En os) the threshold as dependent on room size, as calculated from 

q. (10-2). 

We should not regard these curves as representing the final ones, how- 


Bos ever. The actual conscious present 

Be and also the constant L/H were 
E33 8 obtained principally from the values 
Fi 60 FR for classical music produced by the 
P ol i e°'2 violin, the violoncello, the piano, and 


LE ETT ENETSS thehuman voice. Mean values that 
Fia. rage Relation Daien the sound hei reproducible to a satisfactory 
pressure ol the reverberant sound field degree were obtained by dividing the 
bra sind at threshold as a function musieal presentations Sio strict ly 
: limited groups according to their 
character. Then the constants were derived for the different groups and 
a mean value obtained taking account of the frequency with which they 
occurred in the whole. i 
Every singer fits his program to a certain extent to the strength of his 
voice. Hence the value of L/H increases somewhat with room size and 
is not a constant. However, this correction need not apply for rooms in 
which D is smaller than about 10 meters. For every individual instru- 
ment, however, L/H is constant, and the mean value to be used changes 
only when the more powerful instruments are used in solo playing or 
take solo parts in the orchestra. 
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If the absorption a varies with frequency, two different disturbances 
arise. In the first place, the Sabine reverberation time varies with 
frequeney. As in a complex elang the actual reverberation times are 
already different on account of their varying initial intensities, these 
variations in reverberation time have little effect on the timbre during 
the decay of the sound. In the second place, the reverberation density 
for a clang varies with frequency. Since the reverberation intensity at 
remote points in the room is greater than the direct sound, there are 
distortions of amplitude like those found in a filter network. The ear 
is highly sensitive to these distortions, and care should always be taken 
to make the absorption independent of frequency. 


AUDIBILITY IN SMALL CONCERT HALLS* 


Onset of a Sound. In rooms with slight damping it may be observed 
that the onset of a noise is much shorter than that of a pure tone if the 
reverberation time of the room is the same for both. On the basis of 
energy relations, which are well known (Waetzmann, 8), abrupt switching 
on and off of a steady sound source gives a rise and fall of the sound 
energy density E of the room according to the equations 


E = bull — e*) and E = Eoe* 


when ¢ is the time and k is a constant. The two curves when added give 
a constant result. For sound pressure, which varies as the square root 
of the energy density, this is not true because the square-root relation 
doubles the decay time, while the onset is considerably shortened. This 
shortening of the onset relative to the decay appears in part a of Fig. 
10-15, which represents an oseillographie trace of the sound pressure of a 
1000-eps tone warbling by +10 per cent at a rate of twenty times per 
second. However, this shortening of the onset process is only obtained 
with warbles with large frequency variations and with irregular clicks 
and noises. Even a reduction of the frequency modulation of the above 
tone to +2.5 per cent gives an onset that is little different from the decay, 
as part b of Fig. 10-15 shows. In this situation the transient equation 
as derived on the basis of energy relations no longer holds because phase 
relations have been neglected, as has already been proved by Strutt (5). 

As part c of Fig. 10-15 shows, the onset and decay times are exactly 
the same for a pure tone. If as in this instance the microphone is placed 
in a corner of the room, where walls and floor are mutually perpendicular, 
then with the microphone at a pressure node a nearly exponential onset 
and decay of sound pressure is obtained if the frequency used isa natural 
frequency of the room (Knudsen, 4). Especially if the damping of the 
room is small, its resonance is so sharp that the vibratory amplitude of 
the resonant tone greatly exceeds the amplitude of other adjacent 
natural frequencies set up by the transient. Therefore the whole room 
behaves like a system with one degree of freedom. if the microphone is 
not located in a pressure node of the vibration existing at the end of the 

* Article 16 as listed in the Author's Bibliography. Published in 1934. 
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transient, or if the exciting frequency is not in agreement with the natural 
frequency of the room, then the transient vibrations of the neighboring 
natural frequencies may become greater. Because these are the same 
for starting and stopping the sound source, it follows that the changes 
of sound pressure arising at starting and stopping are exaetly the same 
to the finest detail over a long period of time, as parts d and e of Fig. 10-15 
illustrate. 


Fra. 10-15. Oscillograms of various kinds of sound i Y 

pulses in a reverberant room. The 
room had a volume of 180 cu meters, and the sound pulses lasted 1.6sec. (a) Warble 
tone, modulated +10 per cent; (b) warble tone, modulated +2.5 per cent; (c) pure 
tone; (d) and (e) pure tones not tuned to a natural frequency of the room. 


‚If the tone does not appear or disappear suddenly, but has a certain 
time of rise and fall as in most musical instruments, the amplitude 
spectrum of the tone pulse becomes narrower. Then only those natural 
frequencies of the room that are closely similar to the exciting tone are 
involved. Because their frequency differences are small, the beats are 
extremely slow, and the onset and decay curves are smoothed out. The 
lower portion of Fig. 10-16 is an oscillogram of a tone that was switched 
on and off by means of the circuit of Fig. 4-29. The upper portion of 
this figure shows the transients obtained in a room with a reverberation 
time of 3.0 sec when the sound source was switched on suddenly and the 
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middle portion shows the transients of the room when the sound source was 
switehed on gradually corresponding to a reverberation time of 0.2 sec. 
Because these two curves show a closely similar form it appears that 
the large departures from an exponential form of decay that often are 
found are largely due to the beating of adjacent natural frequencies. 

The following tests were made to clarify this situation. Inaroom with 
a volume of 180 cu meters the reverberation time 7 was given different 
values of 3.4, 1.8, and 0.65 sec, and series of tone pulses of 1600 eps and 
durations At of 0.04 and 0.32 sec were presented. The pulses were 


(a) 


(d) 


te) 


Fra, 10-16. The reverberation curves become smoothed if the switching is gradual. 
(a) is for a room with a reverberation time of 3 sec and sudden switching, (b) is for the 
same room, but with a gradual on and off switching corresponding to a reverberation 
time of 0.2 sec, and (c) is the onset and decay of the sound source. 


recorded at ten different points in the room, with results as indicated in 
Fig. 10-17. Itis evident that the rise of sound pressure was changed 
but little with the reverberation time, especially in comparison with the 
decay processes. It is further shown that there was little effect of the 
reverberation time on the sound-pressure relation between pulses of 0.04 
and 0.32 sec duration. : 

This rise in the sound pressure at the onset of the tone is greatly 
shortened as compared with an exponential form of rise, and this condition 
is responsible for the following observation in the room referred to above 
when it was given a reverberation time T of 3.5 sec. A series of tones 
was presented at regular intervals beginning with 1000 eps and increasing 
by half-tone steps until 2000 eps was reached, when the series was ended. 
Even though the individual tones lasted only 0.03 sec it was still possible 
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to observe the steplike increase in pitch. Only when the intervals were 
further decreased did the experience change into a continuous glide of 
pitch. A reduction of the reverberation time of the room to 0.65 see had 
no noticeable effect on the interval at which the change to a glide 
appeared. The same results were obtained for a room with a volume of 


Presentation time 0.04 sec 
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Presentation time 0.32 sec 


Reverberation time, sec 


Time, sec 
Fie. 10-17. Oscillograms of tone pulses as recorded at ten locations in a room that 
was given three different reverberation times as indicated. For the upper set of 
measurements the pulses lasted 0.04 see, and for the lower set they lasted 0.32 sec 
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Fig. 10-18. Distribution of the durations of tones in violin playing 


x o The T 
the first violin part of Beethoven's Fifth Symphony. ED 


2000 cu meters and a T of 2.0 sec. Figures 10-18 and 10-19 show that 
the most frequently occurring durations and intervals in music are 
considerably longer than this. fiet 
Relations of Reverberation Time to Frequency. Many observations 
show that the tents used by shows and circuses often have astonishingly 
good acousties, far better than usually found in wood-paneled rooms 


ee ee ge u 
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It was generally assumed that covering walls with wood had a favorable 
effect because of the great velocity of sound in the panels. Yet at the 
outset it was elear that the good acousties of the tent were due merely 
to the faet that the movement of the fabrie produced a great absorption 
of low frequencies as compared with high frequencies. Also E. Meyer 
and Cremer have shown that the beneficial effects of a wood lining are 
due to certain favorable frequency relations of the reverberation time 
(see Wente; MaeNair; Knudsen, 5; Strutt, 1). 


a 
2.3 4 5 6 1:8 9-10 1 
Size of musical interval, semitones 


Fra. 10-19. Distribution of musical intervals in violin playing. The music was the 
same as in the preceding figure. 
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Decay time, sec 
Fic. 10-20. Time differences necessary to produce timbre changes when two tones are 
switched on and off, as a function of their decay times. 


The significance of frequency in relation to the reverberation time was 
shown by the fact that when two tones of 1000 and 400 eps and loudness 
levels of 60 db were switched on and off there was à noticeable change of 
timbre if the two tones were not synchronized, but in the switching there 
were time differences between the two of 2 X 107* sec. The order of 
the tones in the series was unimportant. If the two tones had the same 
decay time T, as shown on the abscissa of Fig. 10-20, it was necessary to 
have a time difference as indicated on the ordinate in order to obtain a 
change in timbre as com with the synchronous condition. The 
broken curve gives similar results for the onset of the tones. 

The ordinate of Fig. 10-21 shows how much the decay time T of one 
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of the two tones had to be changed, starting from a synchronous relation 
for onset and decay, in order for a change of timbre to occur in comparison 
with the situation in which the two tones had the same onset and decay 
times. "These changes in the transients are greater than those necessary 
for a perceptible change in the transients of a single tone (see page 325). 
The difference limen for the first case is one of timbre, whereas for the 
second it is one of time. 

The heavy damping of the high frequencies that is often found in 
concert rooms is not desirable, because many musical instruments 
radiate their sounds, and especially the high frequencies, in a strongly 
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Fra, 10-21. The difference in decay time (upper curve) and onset time (lower curve) 
between two tones that are switched on and off that is necessary to produce a differ- 
ence in timbre. 


directional manner. Thus the sound energy is not distributed through- 
out the room to a sufficient extent by repeated reflection from the walls. 
Some relevant measurements are given in Fig. 10-22. Here the curve 
marked f 0 represents the directional radiation of a loudspeaker in 
the open air emitting a warble tone of 2000 cps. The ordinate indicates 
the variations of sound pressure produced by rotating the speaker about 
its center line. The two upper curves show the changes of sound pressure 
produced by the same rotation when observed in a room with a volume 
of 100 cu meters and reverberation times of 1.0 and 1.6 sec. 

The loudness changes produced in ordinary hearing by changing the 
orientation of the loudspeaker are greater than the changes in sound 
pressure recorded with a microphone, because the concentration on the 
loudspeaker gives a certain degree of suppression of the reverberant field. 
The difference varies between 2 and 7 db. 
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To investigate the effects on the acoustic quality of a room of the rela- 
tions of the reverberation time to frequency, an arrangement of absorbing 
material was used to give effects similar to those in a tent. It consisted 
of a wooden frame 2 meters wide and 4 meters long divided lengthwise, 
with wire netting on one side and 1- by 4-meter pieces of canvas on the 
other side, which was the side exposed to the sound. The canvas had a 
weight of 350 grams per sq meter and was coated so that for the most part 
it moved like a diaphragm under the action of sound waves. As a result 
it was highly absorbent, especially for the low tones. To avoid any 
points of resonance, the 4-em space between the wire netting and the 
canvas was packed with loose cotton to the extent of 1.3 kg per sq meter. 


Sound pressure, 
db above threshold 
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Fic. 10-22. Effect of reverberation on the directionality of the sound radiation of a 


loudspeaker. 
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Fro, 10-23. Absorption of the padded frame as à function of frequency. The sample 


had an area of 16 sq meters. 


The variation of the absorption with frequency, as measured by the 


reverberation method, is shown in Fig. 10-23. By making the coating 


of the canvas stiffer it is possible to reduce further the a ome 2 
high frequencies as compared with the low frequencies. However, 


sults shown in Fi £ isfactory. All the materials were 
results shown in Fig. 10-23 seemed satis nd so that the sound first 
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quencies without any change occurrin : berati 
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reverberation time was made in a manner similar gen x E male 
Sabine and Lifshitz, by placing a varying amoun 
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in a room, with equal distribution on the walls and ceiling. Used for 
this purpose were several hundred square meters of the padded frames 
described above, as well as simple wooden frames containing cotton held 
between wire nettings. These frames when placed at the proper distance 
from a wall will give an absorption that increases regularly with fre- 
quency. Also used was a thin velvet material that had an appreciable 
absorption only for frequencies above 1000 eps when placed directly on 
the walls or floor. The subjects used in the tests were music teachers, 
music lovers, radio amateurs, and a number of famous artists and 
members of the musical academy. To prevent the subjects from 
influencing one another, each one separately made the judgments of 
optimal reverberation time. First a completely undamped room was 
presented and then a heavily damped room, so as to acquaint the subject 
with the various phenomena to be observed. Then the procedure was 


Reverberation time, sec 
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Fig. 10-24. Optimal reverberation time (heavy curve) for a room of 180 cu meters 
for the music of a small upright piano, as reported by a radio amateur. 


to go by steps from a strongly reverberant room to a strongly damped 
one, with the aim of determining what reverberation time was neither 
too lively nor too dead. It is essential in order to obtain reproducible 
results to approach the best value stepwise from both sides. The most 
satisfactory frequency relations were determined at the same time, by 
alternating the brightest timbre with the dullest until the best conditions 
were found. No large variations among the various subjects could be 
found. The artists differed from the unmusieal persons only in being 
more clear and definite. ] 

Sample results are given in Figs. 10-24 and 10-25 for a room with a 
volume of 180 cu meters. Here the solid line represents the best reverber- 
ation times for the musie of a small upright piano as reported by a radio 
amateur and an expert on musical esthetics. The broken line represents 
a condition that was judged as too reverberant and too shrill, whereas 
the thin line represents one that was too dull and too quickly damped. 
Figure 10-26 gives values obtained by a noted conductor for music of a 
grand piano in a room of 400 cu meters. Figures 10-27 and 10-28 show the 
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Fic. 10-25. Same as in the preceding figure, as reported by an expert on musical 
esthetics. 
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Fra. 10-26. Optimal reverberation time for a room of 400 cu meters for the music of 
a grand piano, as judged by a noted conductor. 
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Fia, 10-27. Optimal reverberation times for a string quartet in two different rooms. 
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Fra. 10-28. Optimal reverberation times for singing in a room of 400 cu meters. 
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best reverberation times and frequency relations for a string quartet 
and for singing. The music was of a difficult type. 

In the small rooms described above, in which the distance between 
the sound source and the listener was relatively small, there was no 
particular difference between the reverberation times preferred by the 
performer himself and a listener stationed some distance away. In a 
large room, however, in which the sound intensity reaching the listener 
might be much smaller than that reaching the performer, the distant 
listener preferred a longer reverberation time. 

The optimal reverberation times obtained were mostly independent 
of frequency and were about T = 0.7 sec. These times are shorter than 
those usually obtained heretofore. The difference is partly explained by 
the fact that most of the values that have been reported were calculated 
and not directly measured. Figure 10-29 shows that even a room with 
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Fra. 10-29. Effects of a person moving about in one corner of a room on the sound 
pattern at another point in the room. 


a reverberation time of 0.65 sec is far from dead, and hence the sound field 
coming directly from the source is influenced by the reverberant field 
arising from repeated reflections. This figure represents an oscillogram 
obtained in a room of 180 cu meters with a tone of 1600 cps, and shows 
the changes of sound pressure arising when a person in one corner of the 
room moved about, with the loudspeaker and the recording microphone 
loeated near the opposite wall. 


EFFECTS OF AN ABSORBENT SURFACE ON A SOUND FIELD* 


The sound field produced in a room by a sound source may be divided 
roughly into two parts, the direct field and the reverberant field. The 
direct field consists of sound waves coming directly from the source and 
also those reflected from surfaces in the immediate vicinity of the source 
or of the observer and reaching the observation site only a few milliseconds 
later than the direct waves. On the other hand, the reverberant field 
consists of a mixture of waves produced by repeated reflections from the 
walls of the room. The intensity of this field is usually distributed 
uniformly over the whole volume of the room, provided that the room 
does not contain any focusing surfaces. 

* Article 13 as listed in the Author's Bibliography. Published in 1933. 
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Early in the development of the science of architectural acousties it 
was believed that the listening quality of a room was determined by the 
direct field. More recently, however, a greater significance has been 
ascribed to the reverberant field, and special rules have been worked out 
for the most suitable onset and decay times. 

According to the work of Backhaus (3), the onset and decay times for 
speech, singing, and musical instruments are of the order of 0.05 sec. 
Thus they are small relative to the reverberation times of rooms. It is 
therefore clear that the initiation of sounds, or the “attack,” as it is 
called in phonetics, which is the main feature in singing and playing that 
gives the performance its individual character (Trautwein), becomes 
obscured in the reverberant field by repeated reflection from the remote 
surfaces of the room. The direct sound field falls off with distance from 
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Fra, 10-30. Longitudinal section through a theater showing the direct paths of sound 


from the stage. 


the source, whereas the reverberant field remains constant over the area, 
and so with increasing distance from the source the direct field becomes 
smaller relative to the other, and at the same time the peculiarity of the 
attack lessens. This is particularly true in the back parts of the room 
where the reverberation is stronger than the direct sound. Me 
From these considerations it would seem to follow that the audibility 
should be equal at two points in the room that are the same distance from 
the source. Both the direct and the reverberant fields will be the same 
at these points, and other relations do not seem to be important for 
intelligibility. Yet it has been found that in theaters and concert rooms 
in general the audibility is much worse in the back rows of the parterre 
than in the upper gallery at the same distance away. It is not that the 
sounds in the parterre are not loud enough but that the details of the 


playing cannot be heard. 


Figure 10-30 represents a cross section through a theater, showing that 
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the back rows of the parterre are reached mainly by sound waves that 
pass over the heads of the listeners seated in the orchestra. On the 
other hand, the early rows of the upper baleony are reached by many 
waves going directly from the stage and by others that have undergone 
a single reflection from the ceiling and strike the ears of the audience from 
above. The ceiling of the first balcony reflects hardly any waves to the 
parterre, because for architectural reasons it is on a line with the waves 
coming from the stage. 

Weakening of Electromagnetic Waves by an Absorbing Surface. It 
is well known in wireless telegraphy (Strutt, 2, 3, 6, 8) that when electro- 
magnetic waves are propagated along the poorly conductive surface of 
the earth the waves are greatly attenuated. There is a continuous loss 
in the energy of the electromagnetic field in the poor conductor. The 
waves passing immediately over the ground lose their energy, and there- 
fore these waves are weaker than those passing in higher layers. ‘The 
strength of the field increases markedly with height, and the more so the 
greater the ground loss. These effects are absent when the waves are 
propagated above a highly conductive layer. 

It has been shown by Sabine that an audience is an almost perfect 
absorber of sound in the region of frequencies above 200 eps. Thus it 
is conceivable that sound waves in being propagated along the audience 
suffer a loss of energy, and hence the direct field in the back rows of the 
parterre becomes smaller than in the balcony above. It should be 
mentioned in this connection that Reynolds found that sounds propa- 
gated over a grassy field are more intense at high levels than near the 
surface. 

Attenuation of Water Waves near Absorbent Surfaces. It was found 
that for water waves the amplitudes of vibration are smaller near 
absorbing surfaces than farther away. Used for this study was a level 
trough 2 by 2 meters in size and filled with water to a depth of 2 em. 
Gravity waves were produced with a vibratory plunger driven at 5 cps. 
The floor of the trough was finished in matte black and the water was 
colored black, so that there were reflections only from the fluid surface. 
If a point source of light was placed about 1 meter above the water and 
its image was observed in the water surface, it was seen as a line because 
of the wave motion of the surface. This line had a direction correspond- 
ing to the direction of propagation of the waves, and its length was a 
measure of their amplitude. These lines of light could easily be photo- 
graphed. By placing the lamp in different positions it was possible to 
measure the whole expanse of the wave field. The wavelength could 
best be determined with standing waves. 

To study the whole pattern of wave motion of the water surface a 
rectangular frame was used on which iron wires were stretched parallel 
to one another and then heated until they glowed with a yellow color. 
This frame was placed near the water surface with its longer dimension 
perpendicular to the direction of propagation of the waves, and the 
reflections of light from the water surface were observed. When the 
wave field was quite uniform a series of parallel lines of light was seen, 
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and the width of the lines diminished with distance from the disturbed 
surface. In the picture (Fig. 10-31) the location of the vibrating plunger 
is indicated by a white spot. Then if a long strip of water-soaked cotton 
was placed in the trough it produced a region of high absorption. The 
water in its neighborhood did not vibrate at all, and only at some 
distance corresponding to several wavelengths was the original amplitude 
attained. Here it was necessary that the vibrating plunger be about one 
wavelength from the cotton. The lower portion of Fig. 10-31 shows how 
the damped effect is extended when the wavelength is increased. 


Fic, 10-31. Effect of an absorbing layer on the amplitude of water waves, shown for 


two different wavelengths. The wave is progressing from right to left. 


Attenuation and Distortion of Sound Waves during Propagation along 
an Absorbent Surface. To study the magnitudes of these effects with 
sound waves also, a frame was constructed as shown in Fig. 10-32, with 
dimensions of 2 by 12 meters, and placed horizontally in the open air at 
a level of 1 meter or more above the surface of the ground. The frame 
contained thin wires spaced at 20 cm distance, and was covered with a 
layer of cotton held on by threads. A loudspeaker was placed at one 
end of the frame, and the sound measurements were carried out at a point 
12 meters distant from the other end. The loudspeaker had a diameter 
of 20 em, and its direction of radiation was carefully adjusted so that in 
the immediate vicinity of the measuring instrument there was a homo- 
absorption layer was absent. Control measure- 


geneous field when the € 
; small loudspeaker diaphragms also. 


ments were carried out witl 
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Figure 10-33 gives results for a tone of 800 cps and for a location of 
the loudspeaker 30 em above the absorbing layer. The figure shows the 
changes of sound pressure, relative to the undistorted field, when the 
length L of the absorbing layer was increased by successive steps up to 
12 meters and the height at which the measurements were made was 


Fia. 10-32. Frame for the study of sound propagation along an absorbing surface. 


increased at the same time from 5 to 150 em above the absorbing layer. 
It is surprising to find that the absorbing layer produced a noticeable 
effect at very great distances. 

Figure 10-34 shows how the modifieations of the sound field varied 
with the level of the loudspeaker for a tone of 800 eps and an absorbing 
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Fıc. 10-33. Effects of length of the absorbing surface and the distance above it. 


surface 12 meters long. The final curve on the right shows that there 
was no longer any effect on the original sound intensity when the speaker 
and the point of measurement were more than 1.5 meters above the 
absorbing surfaces. 

There is a strong absorbing effect of grass, and measurements of this 


ROOM ACOUSTICS 397 


kind made on such a place as a lawn would have to be carried out at 
least 1.5 meters above the ground to avoid any disturbance from the 
surface. The study of water waves indicated that the level of influence 
increases as the frequencies are made lower. Therefore if frequencies 
below 800 eps were used, these heights above the ground would have to 
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Fra. 10-34. Effects of the position of the sound source above the absorbing surface. 
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Fia. 10-35. Effects of height above the absorbing surface for various frequencies. 


be enlarged. They would have to be enlarged also if the distance 

between the sound source and the point of measurement were made 
reater. 1 

1 DONE in Relation to Frequency. The changes in the sound 

field are shown in Fig. 10-35 as a function of frequency, with the speaker 

located at a level of 30 em. It is clear that as the frequency was raised 

the affected region diminished. For frequencies below 800 eps the 4-cm 
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layer of cotton fiber was transparent to sound. Grassy surfaces also 
afford only slight absorption, and therefore there were effects of inter- 
ference between the direct sound and sounds reflected from the ground. 
This interference accounts for the irregular form of the curve for 400 eps. 
Also, at 400 eps the wavelength was large enough to be comparable with 
the width of the damping layer, and hence there was diffraction from the 
edges of this layer, which reduced the variation of sound pressure at the 
measuring point. For frequencies above 800 cps these disturbances 
were no longer present, as shown by the fact that a further widening of 
the damping layer did not affect the measurements. 

Effects of an Audience upon Sound Absorption. In order to study the 
reductions of sound pressure produced by an audience, a number of 
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Fic. 10-36. Effect of height of the observer above the ground. 


benches were placed at 70-cm distances from one another in the open air, 
and four persons were seated on each. A loudspeaker was located in 
front of the first bench at a level 40 cm above the heads of the people. 
An observer was in the last row, 12 meters from the loudspeaker. So as 
to reproduce the conditions in a theater as closely as possible, the listeners 
were asked to position their heads so as to keep the region of the loud- 
speaker in view while maintaining their assigned places. The observer 
used loudness comparisons to measure the changes in sound pressure. 
T'his was done by placing a phone on one ear and varying its loudness 
until it, was equal to that coming to the open ear from the loudspeaker. 
A switch was used to go back and forth from one stimulus to the other. 
These observations, carried out by a bracketing method, were repro- 
ducible within 5 per cent, and the changes of loudness obtained were 
independent of the observer. 

The reductions in sound pressure produced by an audience are shown 
in Fig. 10-36 as a function of the position above the ground that the 
observer took. These changes in sound pressure were closely similar to 
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those produced by a layer of cotton, as is to be expected, because in this 
region of frequeney the absorption coefficient of a person is practically 
equal to 1.0. The only difference was that the intensity changes became 
less as the height above the ground was made smaller as compared with 
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the cotton layer. 
do not fall in one plane, but are dis- 
tributed at different levels. There- 
fore the value obtained represents 
the mean of the changes produced 
at various heights. 

If the observer took a position 
at the same level as the audience, 
there were reductions of sound 
intensity of the sort shown in Fig. 
10-37. The attenuation was great- 
est in the region of 800 cps. For 
lower tones the absorption was 


found only in the immediate vicinity of the absorbing material. 


This was true because for people the absorbing surfaces 
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Fic. 10-37. The attenuation of the sound 

field for a member of the audience with 

his head at the general level, as a function 

of frequency. 


Also the 


placing of the heads of the audience so as to afford a clear view reduced 


the absorption at high frequencies. 


The resulting frequency distortion was rather large and could easily 


be perceived. 


seemed dull and impersonal in the back rows. 


If a speaker was 50 cm above the audience, his voice 


But if the listener also 


was elevated 50 em above the audience, the voice for him took on a 


completely different timbre, b 
qualities. 
still further. 


ecame stronger, and exhibited its individual 
If the audience was taken away this situation was improved 


It is evident that care needs to be taken to provide a listener with a 


free view and at the same time with an acoustic field. 


In this connection 


it seems that the reflected image from the ceiling must be utilized. If 


there are no such reflections, it is essen 


tial that the direct waves come to 


the audience at an angle that is not too small. 


PART 4 


COCHLEAR MECHANICS 


CHAPTER 11 


THE PATTERN OF VIBRATIONS IN THE COCHLEA 


For more than a century the vibratory pattern of the cochlear partition 
has been the central problem of audition. There is hardly a single 
psychological phenomenon or clinical observation on the ear that has not 
served as the basis of conclusions about the pattern of action in the 
cochlea. Because for a century no numerical values concerning the 
mechanical properties of the cochlear partition were available, there 
were no restrictions on the imagination, and probably every possible 
solution of the problem was proposed. It seemed to the writer that the 
only way to solve the problem was to open up the cochlea and observe 
the action during the presentation of a tone. 

This plan of experimentation was formulated on a background provided 
by Waetzmann's clear and objective review of earlier work. The first 
trial experiments were made in 1924, and the first results were published 
in 1928. 

From the first observations of the vibrations of the cochlear partition 
it was clear that they represented a system about which physical science 
provided little knowledge and that many years would be required to 
understand it clearly. The first paper therefore set forth a framework 
for the phenomena, which would have to be filled in later with more 
exact descriptions and numerical values. This task is still incomplete. 

In this chapter a discussion is made of the most important psychological 
experiments that have seemed to be in disagreement with the visual 
ear that definite conclusions are difficult 


observations. It becomes el i ‘ ons A 
to make when there are a great many variables in the situation. Then 


a number of experiments are described showing that in the human ear 
the place of maximum stimulation along the cochlear partition changes 
with the frequeney of the stimulating tone. Especially valuable in this 
relation is the study of auditory fatigue and its effects upon the pitch of à 


tone. 


If traveling waves are present in the cochlea, then a certain time is 


required for the stimulation to reach all parts of the cochlear partition, 
depending on the velocity of those waves. Because very small time 
differences, of the order of 10-* sec, are effective in the perception of the 
direction of sounds, the directional phenomena were studied as a basis 
for estimating the speed or “group velocity” of the waves traveling along 
the cochlear partition in response to a click. 

Several years were required to develop the instruments needed to make 

403 


404 COCHLEAR MECHANICS 


direct measurements of the elasticity of the cochlear partition along its 
length, the precise form of the traveling waves for low frequencies, and 
the displacement of the place of maximum amplitude for man and other 
animals. After investigation of the vibration of the cochlear partition 
as a whole, consideration was given to the detailed movements of its 
parts, with special reference to the shearing movements of the organ of 
Corti. 

Finally, a number of models were used to portray the kinds of wave 
motion found in the cochlea and to bring out their differences from the 
waves encountered in our ordinary experience. 


VIBRATORY PATTERN OF THE BASILAR MEMBRANE* 


The resonance theory of Helmholtz is probably the most elegant of all 
theories of hearing. It assumes that the transverse fibers of the basilar 
membrane aet as tiny resonators, each one tuned to a different frequency. 
The tuning varies continuously along the membrane, and stimulation by 
a particular tone sets in vibration only a small group of resonators in one 
region. The membrane is deflected only in this region, and only here 
are the nerve fibers excited. A tone of a different frequency involves 
another group of resonators at a different place and correspondingly a 
different nerve fiber. Thus the analysis of complex sounds is explained 
in a simple way. 

The principal difficulty with this theory comes from the magnitude 
of the damping of the individual resonators. Helmholtz estimated the 
logarithmic decrement $ as about 0.1. From one standpoint this 
damping appears to be too large to account for some of the auditory 
impairments arising in the cochlea. It often happens that a 10 per cent 
change in frequency produces a change of sensitivity of more than a 
hundredfold (40 db). So great a change seemingly calls for a much 
sharper resonance than Helmholtz allowed. On the other hand, the 
transverse fibers are embedded in a membranous structure and sur- 
rounded by fluid, so that from a purely anatomical standpoint even 
greater damping is to be expected. According to the opponents of the 
resonance theory the individual fibers cannot be regarded as resonators 
at all, but the whole membrane must be considered as a vibratory 
structure. This argument gains force in a consideration of certain ani- 
mals, such as cats, rabbits, and birds, in which the basilar membrane is 
made up of two layers of fibers, one thinner than the other, rather than 
of only one layer, as in man (Held), 

Among the nonresonance theories, Ewald’s sound-pattern theory is 
particularly notable. According to this theory, a sinusoidal movement 
of the stapes sets up a series of standing waves along the basilar mem- 
brane, with wavelengths varying with the frequency. It is the task of 
the nervous system to resolve the separate stimuli spread out over the 
membrane into the impression of a single tone. A different vibratory 
pattern or “sound image” represents a different tone. Because the 

* Article 2 as listed in the Author's Bibliography. Published in 1928. 
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entire task of analysis is relegated to the nervous system, whose activities 
are completely unknown, it is not possible to draw any further conclusions 
on the basis of this theory. 

According to the theories of Hurst, Bonnier, ter Kuile, and Max F. 
Meyer, the in-and-out movements of the stapes set up on the basilar 
membrane a traveling wave which expires more or less rapidly depending 
on the conditions of damping. According to Hurst, the damping is small 
and the wave travels to the apex of the cochlea and back again. There- 
fore standing waves arise, and in this respect the theory resembles 
Ewald's. The further development of the theories is different, however, 
for Ewald is concerned with the steady state and Hurst with the transient 
condition. Other authors assume a greater degree of damping of the 
wave. 

These theories seem for the most part to be in harmony with the 
anatomical conditions. It is more difficult to conceive of the mode of 
stimulation of the nerve fibers by the traveling wave. The most clear 
idea is that of ter Kuile, who assumes that the pitch is determined by 
the length of the membrane up to the point at which the wave continues 
to be propagated with a certain amplitude. This length is smaller for 
high than for low tones because of the shorter wavelength. 

The important differences among the various theories consist in their 
different assumptions regarding the sizes of the mechanical characteristics 
of the basilar membrane, namely, the elasticity and friction. Only in 
the assumption of different values of these characteristics is it possible 
to derive different patterns of vibration of the membrane when the 
dimensions of the membrane and the manner of stimulation are the same. 
Therefore a choice of one theory or another can be made if the vibratory 
pattern of the membrane is known. Because direct observations within 
the cochlea are beset with extraordinary difficulties from an anatomical 
standpoint, the initial work was done with a model of the ear that was 
designed to reproduce the actual relations as closely as possible. Results 
from such a model should aid in making a choice among the different 
theories. 

Model of the Ear. The width of the basilar membrane close to the 
stapes is about 0.1 mm and increases to about 0.5 mm at the apex of the 
cochlea. The fluid-filled canal above and below the basilar membrane 
is about 2 mm in diameter from one end of the cochlea to the other. It 
is difficult to carry out experiments with dimensions as small as these, 
and therefore it is desirable first of all to enlarge them in the model with- 
out altering any of the motional phenomena. If all of the dimensions of 
the model are expressed in relative numbers, based on one length J, 
which can be the length of the basilar membrane, then two such models 
with the same relative dimensions will themselves be alike. Also their 
motions will be similar, provided that care às taken that, despite the 
change in length by some factor, the equation of motion remains the 
same. The movement of the membrane, as well as of the surrounding 
fluid, is determined by a series of constants: the density p and viscosity v 
of the fluid, the frequeney of movement of the stapes f, and the elastieity 
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of the membrane e. The elasticity may be expressed as the volume 
displacement of the membrane per unit of length when a unit pressure 
is applied to one side. We shall neglect other constants, such as the 
density of the membrane, which differs little from that of the fluid, because 
they would be diffieult to handle. 

The equation of motion can be expressed in the form e(l,p,n,f,e) = 0. 
Because the right side of this equation is dimensionless, all the constants 
must in the aggregate give a dimensionless product. The constant e 
has the dimensions 

E volume i s 
$ length X pressure nS 
and by well-known rules two dimensionless products can be formed for 
the whole motional equation so that 


I? n?e 
d pfl we = 
( n 2 y 


If the constants are chosen so that as we go from one model to another 
each product in the above equation remains constant, i.e., if pfl? /n is 
constant and n?e/pl* is constant, then the equation of motion is the same 
and the movements of both models are alike. From the relations just 
indicated it follows that for a given enlargement of the model the fre- 
queney must be decreased as the square. More important still is the 
limitation imposed by the elastieity of the membrane. If we assume 
that the rubber membrane used in the model is a membrane without 
internal stiffness, then it follows that, when the pressure is small, the 
displacement of the membrane is parabolie, and e depends upon the width 
of the membrane d and the transverse tension 7 as indicated by the 
formula e = d*/12r, and therefore z*d*/rpl* is constant. Since the width 
d is proportional to J, it is clear that when / is made greater the tension 7 
must, become smaller so as to maintain the same form of motion. Because 
the basilar membrane is a structure of great delicacy, its imitation by a 
rubber membrane imposes a severe limitation on the enlargement, that 
can be given to the model. The best choice is an enlargement of four or 
five times. From this analysis it is obvious that the model used by 
Wilkinson (1), in which the basilar membrane was represented by a 
series of tuned brass wires coated with gelatin, is not satisfactory. An 
arbitrary assumption of mechanical characteristics such as these can 
result in any conceivable vibratory pattern. 

So as to approximate the natural conditions as far as possible, the 
viscosity of the fluid of the inner ear was measured.* Since the human 
ear contains only a small drop of fluid, this was done by sucking it up 
into a capillary tube of 50 em length and measuring the rate of fall when 
the tube was held in a vertical position. The velocity was measured over 
a distance of about 20 cm. If this velocity is v, the length of the falling 
column is /, and the radius of the capillary is r, then Poiseuille’s law will 


* Acknowledgment is made of the assistance of Dr. Franz Kiss and Mr. K. Frauler. 
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hold approximately, and the amount of fluid flowing through a cross 
section of the tube per unit of time is 


If the pressure has the value p = 981/p, and p is the density of the fluid, 
then 

2 

V = 9817 P Lay and v= 981 E 

8m 85 
If we consider the decrease of pressure eaused by the friction of the 
air column that moves along the capillary with the fluid, then v must be 
multiplied by [1 + mL — 1)/nl] where no is the viscosity of the air and 
L is the total length of the capillary. The viscosity of the inner-ear 
fluid at 37°C when determined in this manner was the same for fresh 
cadavers and for others 10 days old. The mean value obtained for a 
long series was n = 0.0197 egs units. Also the density of the fluid at 
37°C was p = 1.034. Therefore a dilute solution of glycerin in water 
was used for the life-sized model, and water was used for larger models. 
It is difficult to simulate the basilar membrane. It is necessary first 
of all to depart from the spiral coiling of the cochlea and to give the 
membrane a simple straight form. The coiling is not essential, because 
a few animals, like the anteater, have a cochlea in the form of a slightly 
bent tube. Likewise, Reissner's membrane can be dispensed with. This 
seems to be permissible because the cochlear duct, which is bounded on 
one side by Reissner's membrane and on the other side by the basilar 
membrane, is filled with a gelatinous fluid that acts in such a way as to 
prevent any lateral flow in response to rapidly changing movements. 


Fra. 11-1. A model of the cochlea. 
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Accordingly, the two membranes move in unison and can be replaced by 
a single one. Therefore the model was given the form seen in Fig. 11-1. 
In the middle of a long brass frame was fastened a thin metal band of the 
form shown in a top view in Fig. 11-2. The crosshatched part of the 
opening was covered with a rubber membrane that broadened gradually, 
representing the basilar membrane. "The hole at one end represents the 
helicotrema, which in man has a diameter between 0.5 and 0.8 mm and 
which equalizes any statie pressure variations between the two scalae. 


Stopes Helicotremo~ 


Fra. 11-2. Form of the metal band with a tapered opening which was covered with 
the membrane. 


Two glass plates were cemented on the sides of the frame so as to fit 
tightly against the edges of the metal band, and the trough so formed 
was filled with fluid. The ends of two small tubes, representing the 
oval and round windows, were covered with rubber membranes, and 
on one of these was attached a brass plunger, representing the stapes. 
The plunger was attached to the prong of a tuning fork, which was 
driven electromagnetically by an oscillator. The whole model could be 
supported by means of a rod. 

i As in Ewald's model, the membrane was made of a rubber solution 
like that used by bicyclists, diluted with an equal volume of benzine. 
The solution was taken up with a wire loop or, for large membranes, a 
hook of the form shown in Fig. 11-3 and uniformly spread over the open- 
ing of the metal band. It was found best to begin the application at the 
narrow end of the opening, as then a tearing of the rapidly drying mem- 
brane caused by strong capillary forces was not so frequent. In this 
manner membranes as large as 5 mm wide and 20 
em long could be prepared. For the making of still 
larger membranes, a container with a slit-shaped 
opening was used. The membranes prepared in 
this manner were completely uniform and fitted in 

the opening without wrinkles. 
The next question has to do with the choice of a 
proper thickness of membrane to give elastic prop- 
: M" erties corresponding to those of the human ear. 
feces pé Unfortunately we do not know the order of mag- 
sluts: nitude of the elasticity of the human membrane, 
and presumably it would be difficult to measure. 
To obtain the proper characteristics without having a measurement 
it is necessary to study some phenomenon that depends in a meaningful 
way on the elastic properties of the membrane. If then the thickness 
is changed in the model until the phenomenon is the same as in 
the ear, we can be sure hat the membrane has the proper character- 
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isties. A phenomenon that meets the requirements was revealed by 
Wittmaack. He found that when guinea pigs were exposed to an intense 
tone there was an injury of the basilar membrane at a place corresponding 
to the frequency as seen in histological sections. For high tones the 
site of injury was close to the stapes, and for low tones it was near the 
helicotrema. If the intensity of the tone was not excessive, the injury 
was restricted to a small region of the basilar membrane. 

l'o reproduce this phenomenon in the model, the thickness of the 
rubber membrane was progressively increased. It was found that, for 


300 à 240 


Frequency, cps 


Fro. 11-4. Two experiments showing perforations in the rubber membrane produced 


by sounds. 


a given frequency of stimulation, the thin membranes as used by Ewald 
were perforated in large irregular sections near the stapes. As the 
thiekness was inereased the number of perforations became smaller, 
until finally only a single one was produced close to the stapes where the 
; 1 If the membrane was made still thicker, this 
perforation moved toward the broader portions of the membrane in à 
regular and reproducible way. Finally, when the membrane became 
very strong the energy of the tuning fork that was used was insufficient 
to damage it. For such strong membranes the pressure variations were 


partly equalized by way of the helicotrema. E. 
By this method a thickness of membrane was found that for a given 


membrane was narrowest. 
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tone produced a perforation at the same place as in the actual ear. The 
holes produced in this way were extraordinarily sharp, as may be seen 
in the two microphotographs of Fig. 11-4, which were obtained by the 
use of a model twice the natural size. The black spots represent the 
points of perforation of the membrane. They are black because fine 
carbon granules were added to the fluid to make it visible, and as a hole 
was formed these granules tended to stick to its edges and fill it up. 
This process could be observed under a microscope with stroboscopic 
illumination. When the amplitude of vibration was made great enough, 
the holes persisted, as clearly seen in the lower picture of this figure. 

It is important to note that a small change of frequency resulted in 
two holes very close together, and this happened irrespective of whether 
the higher or the lower tone was presented first. This observation shows 
that closely adjacent portions of 
the membrane are little influenced 
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Fic. 11-5. Pattern of the vibration ampli- 


tude of the basilar membrane in response 
to 500 eps. 


in their vibrations by even large 
irregularities, such as the presence 
of a hole in the membrane. This 
would not be true of the sound 
images observed by Ewald in a 
membrane with uniform character- 


ae isties, but it is in agreement with 
clinical experience, in which large variations of sensitivity are found for 
small changes of frequency. 

After a membrane was chosen for the model that gave the correct 
pattern of response, its behavior was studied further. When stimulated 
by a tone of about 500 eps it was found that a large portion of the mem- 
brane was set in strong vibration, extending from the stapes to a point 
beyond the middle of the membrane. Only close to the helicotrema was 
the membrane completely motionless. The approximate values of the 
vibratory amplitude are shown in Fig. 11-5. If this type of curve is 
taken as the response curve of the cochlear resonators, it appears that 
the action is essentially aperiodic. This conclusion is contrary to many 
observations dealing with the damping of these resonators, and there- 
fore we must consider this question further. 

Damping of the Cochlear Resonators. There are two principal 
methods for determining the damping of a resonator. One is to record 
the resonance curve, and the other is to measure the transients of the 
vibration. A direct determination of the resonance curves for the 
cochlear resonators can be made only in a cochlea that has suffered 
disturbances of hearing due to disease, especially when the nerves have 
been destroyed completely over a large region of the basilar membrane. 
Under these conditions, a tone that only affects this portion of the mem- 
brane will not be heard at all. If then the frequency is gradually varied 
until the normal portion of the membrane also is set in vibration, the 
loudness of the tone will rise progressively until the point of maximum 
amplitude reaches the transverse element of the membrane where the 
first normal nerve fiber appears. Then as the frequeney is changed 
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further the loudness of the tone will remain constant, for the point of 
maximum amplitude will be transferred to other normal nerve fibers. 
In this fashion we can effectively trace the half of a resonance curve of 
the first normal nerve fiber, either by observing the increase of loudness 
as a function of frequency or by finding the intensity at which the tone 
is barely audible. Such curves have already been obtained by several 
investigators, and in some instances it was possible to show by anatomical 
studies carried out later that the auditory impairment was due to the 
degeneration of a large group of nerve fibers and was not a disturbance 
of the mechanical characteristics of the basilar membrane. A portion 
of such a curve is shown in Fig. 11-6. _,, 
The ordinate shows how much larger 
the sound pressure had to be made, 
relative to a normal ear, in order for the 
tone to beheard. "The abscissa indicates 
the frequency. It is clear that a 10 per 0 
cent change of frequency can alter the 
auditory threshold by more than a 
thousandfold. 

If this value is used in the well-known 


Hearing loss, db 


> A 20 
equation for the logarithmic damping of 
a resonant system, whereby 
A | 1 
976m N 40 


where f/f’ is the mistuning and 7,/7 repre- 
sents the amplitude ratio between reso- 
nance and mistuning, the value of #, the 60 
logarithmie decrement, is then approxi- 3000 3500 4000 
mately 0.0006. Frequency, cps 

That there is resonance as sharp as Fic, 11-6. Portion: yi theantiogeag 
this is in disagreement with all other n zo onim. (i En 
evidence, and especially with the absence Joss in decibels. 
of the extremely long transients of onset ; 
that this slight damping would entail. "Therefore the rapid changes of 
acuity cannot be aseribed to a mechanical damping of the resonators. 
It is much more likely that the excitation of the individual nerve fibers 
is not proportional to the amplitude of the vibration of their correspond- 
ing regions of the basilar membrane but bears some other relation to 
this amplitude. This conclusion comes also from observations on the 
cochlear model, for otherwise it would be difficult to explain how two tones 
of adjacent frequency can be discriminated when the movement of the 
membrane is almost aperiodic. j 

Several methods have been used in the study of the onset time of the 
cochlear resonators. Hartridge used for this purpose a sudden change of 
phase. If a resonator is exposed to a tone whose phase is suddenly 
altered, say by 180°, the amplitude of the resonator falls to zero and then 
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builds up again. Hartridge produced the phase shift by means of a siren 
in which there was at one place around the disk a reduction of the spacing 
between the holes. He was always able to observe « clear diminution 
in the loudness of the tone when the phase shift occurred. These results 
indicated a damping of the cochlear resonators of much smaller magnitude 
than that of the model. Therefore his experiments were repeated. 

In order to avoid transients in the room, which present a diffieulty in 
the use of a hole siren, the sound was produced by an audio-oscillator and 
telephone receiver. The phase shift was produced by suddenly adding 
to the initial alternating voltage a second voltage of twice its magnitude 


and of opposite polarity. This gave a phase reversal, or a shift of 180°, 
The circuit is shown in Fig. 11-7. A generator G led to (wo transformers 
Ti and T; Their secondary windings were connected in opposite direc- 
tions, and one was shunted by a resistance R that was adjusted so that the 
tone heard in the receiver did not change in loudness when switch $i 
5 E 
| E... 
a r y^ K mo 
EE d Lom 
3 g 
Tp y 
Fig, 11- ircui 
16. 11-7. Circuit for producing a 180° phase shift in n tone. 


was closed. An at; 


switch S» was in docui was formed by p and r, and p >T- When 


to the receiver. € upper position the alternating current went directly 
Though th ‘ 
to ab een Was repeated many times it was never possible 
that switch Sı was cl change in the loudness of the tone at the momen 
of a frequency of dup e With a damping factor 9 of 0.1 and at 
and a test was made e the loudness decrease should Inst only 0.02 = 
would be perceptible etermine whether so brief a change of intensity 
position in which th, to the er. Tho switch S, was moved to itf lower 
damping was edlen receiver forms a part of a resonant circuit whose 
'The variable relia, by the equation d = BY, + tt +2 
the frequeney of the 2 Was adjusted to give 0 a value of 01, SE 


circuit. In this situation tor, and © was the capacity of the rem 
This transient d in clear loudness variation was observed. when 

the phase is reversed can the amplitude of a resonator that occurs uned 

to the stimulating f. be observed when the resonator if! 

at a smaller amplitude Meney, If this ix not so, the resonator Vi 

the phase is reversed. and its amplitude momentarily d 


in Fig. 11-8. The u The temporal Course of the vibrations I ind 
rithmie decrement ool Oa agp tenents a tuned resonator with 00% 


er curve represents t 


THE PATTERN OF VIBRATIONS IN THE COCHLEA 413 


resonator that has been tuned so that the amplitude during the steady 
state is only half that under the condition of resonance. 

‘These relations are clearly shown in a Frahm frequency meter, which 
uses tuned reeds. If the polarity of the alternating current to this meter 
is reversed, there is a decrease in the amplitude of the reed that is in 
resonance with the current, and an increase in the amplitude of the 
reeds on either side. 

In the ear there is vibration not only of the element that is tuned to 
the applied tone, but also of neighboring elements that are partially 
mistuned. The action of these other elements must be such as to produce 
a partial masking of the decrease in amplitude of the tuned element. 
Therefore we should not expect, even from a theoretical standpoint, that 
a phase change would have any great influence upon the loudness. In 


=a (a) 


(5) 
Fic, 11-8. Effect of a 180° phase shift on the response of a resonator. In (a) the 
resonator was tuned to the applied frequency; in (b) it was tuned to a different 
frequency. 


any event, the observations permit us to assume that the cochlear reso- 
nators are highly damped. "M. i 

The most familiar method of measuring damping is the one devised 
by Helmholtz. It consists of presenting short pulses of tone separated 
by silent intervals of equal length and finding the rate of alternation at 
which the onset and decay processes begin to bridge the gaps and give 
a continuity of sensation. From this rate the damping of the cochlear 
resonators can be determined. À L 

In general a stimulus requires a certain time to be perceived, and so 
the question arises whether these transient processes are not produced 
through the sluggishness of the nerves. To determine this point, the 
maximum interruption rate for a tone was compared with that for a noise. 
With an interrupted tone the resonator repeatedly comes on and goes 
off with transients that tend to fill in the pauses, but with an interrupted 
noise various resonators work in succession in a random way so that there 
is no definite onset time. Therefore the interruption rate for a noise 
should be significantly greater than for a tone, if the cochlear resonators 
actually require an onset time of several cycles. M" 

The circuit used to study this question 1s shown in Fig. 11-9. By 
means of Z, the alternating current from the tube generator G was 
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interrupted so as to produce a noise in the receiver. Zs is another 
rotating interrupter whose rate could be controlled with a counter. The 
switch S, was used to switch on the tone or the noise. To ascertain 
whether the interrupter Z; had fully converted the tone into a noise, 
switch S, could be placed in its lower position to connect a resonant 
circuit whose tuning could be changed to indicate whether the noise 
contained all frequencies of the auditory range. In order to show that 
for a noise the resonator does not have sufficient time to build up to a 
large amplitude, the damping decrement of the resonant cireuit was set 
to 9 = 0.1 by means of the variable resistance. If now the resonant 
circuit was tuned to the stimulating frequency, the loudness of the tone 
in the receiver became 18 db less when the interrupter was switched in. 
This showed that the vibratory circuit was acted upon by the noise in 
such a rapidly changing way that it could not build up a large amplitude. 

This method of disturbed resonance was used in a series of measure- 
ments. The subject began with switch Sz in the upper position and 
increased the interruption frequency of a tone until the intervals between 


Fic. 11-9. Circuit used to present interrupted tones and noises. 


pulses no longer seemed entirely empty; the subject then repeated the 
procedure with the noise. The ratio between the two interruption 
frequencies—that for the tone divided by that for the noise—for four 
subjects was 0.912, 1.009, 1.071, and 1.200, for a mean of 1.049. 

It is elear that the tone attained the same terminal loudness as the 
noise. This means that there is no building up for the cochlear reso- 
nators. However, if the receiver was switched to the resonant circuit 
with the damping set at 0.1, the interruption frequency obtained for the 
tone was reduced by 1.5-fold. 

From these results we may be sure that the logarithmic decrement of 
the cochlear resonators is considerably greater than 0.1, which agrees 
with the results obtained on the model. 

Another way of determining the damping decrement is by studying 
the mutual influence of two simultaneous tones. Of special interest is 
the work of Wegel and Lane en masking. They showed that the thresh- 
old intensity of a tone is raised considerably when a second tone of 
greater loudness is present. If the masking is measured as the elevation 
in threshold, it is found that when the intensities used are in the normal 
range and do not produce appreciable nonlinearity of the ear, the masking 
is small for tones well separated in frequency. But if the frequency of 
the masked tone is made to approach that of the stronger masking tone, 
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the masking increases until finally beats are heard. The entrance of 
beats changes the phenomenon, and the masking becomes smaller. If 
the two frequencies coincide, we go over from masking to a loudness 
discrimination. If we represent masking as a function of frequency, 
neglecting the region where beats occur, we obtain a curve that can be 
regarded as a sort of resonance curve. If on the basis of this curve we 
are to draw any conclusions about the form of vibration of the basilar 
membrane, we must make the following assumptions. 

First of all, we must assume that the nerve excitation at each place on 
the basilar membrane is proportional to the amplitude of vibration. 
Then a second tone of smaller amplitude can be perceived only if the 
increase of amplitude that it produces is a certain fraction of the amplitude 
already produced by the masking tone. This assumption is not very 
well supported as yet, in view of observations made on diseased ears 
and results to be described pres- 
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excitation. £ 
It must further be assumed that fo 
in both the peripheral and central * Aum 
nervoussystemsthereisnomasking 210 
of sensations of the kind described * , HR 
= beso à 


o. "DER f of - WP. 
here. This seems likely because i7 740. 308-305 10° 105. 10* 


evidence that a single nerve fiber is 
connected to several auditory sense 
cells, so that its excitation is never 
restricted to one point. 


Level above threshold 


Fic. 11-10. Masking effect of a tone pre- 
sented to the opposite ear. 


Unfortunately it has not been possible so far to make a distinction 
between masking arising in the nerves from that arising in the form of 


vibration of the basilar membrane. 


What would be the simplest way 


of doing this, by putting the masking tone in one ear and the masked tone 
in the other, is not feasible because of the extraordinary capacity of the 


nervous system to keep separate 
such stimulation it is necessary 


the stimulations of the two ears. In 
to present the masking tone at very 


high amplitudes, and at these amplitudes it is conveyed to the other ear 


by bone conduction and masks the to 
the role of the nervous system in mas : 
cautious about our use of these results as an 1m 


vibration of the basilar membrane. 


ne there in à direct way. Until 
king is determined, we must be 
dieation of the form of 


To get an idea of the degree to which the stimulation of one ear affects 


the other when telephone receivers are us 


Here the ordinate shows the extent to w 
me tone is presented to the other ear at the 


he abscissa. As may be seen, the intensity 
es greater than in the other ear without 


ear for a given tone if the sa 
loudness levels indicated on the 
in one ear may be a thousand tim 


ed, let us consider Fig. 11-10. 
hich the threshold is raised in one 


affecting its threshold. This curve of binaural masking agrees well with 
the results obtained by Wegel and Lane for various frequencies. 


A method similar to the above was use 
for determining the damping of the cochlear resonators. 


d by Barkhausen and Lewicki 
They measured 
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the variations in the total loudness of two equally loud tones when their 
frequencies were varied. If the frequency separation of the two tones 
is great there is no change of loudness when one of the tones is switched 
on and off. When the two tones are brought closer together in frequency, 
however, the loudness of the two becomes greater than that of one alone 
and finally reaches a double value. "This loudness change in relation to 
frequency also gives a sort of resonance curve, as shown in Fig. 11-11. 
Here a constant tone of 500 eps was presented along with a second tone 
of the same loudness but varying frequency, as shown on the abscissa. 


Loudness increase, db 


50 400 450 500 550 600 
Frequency, cps 


Fra. 11-11. Loudness summation of two tones as a function of their separation in 
frequency. 


While the first tone was being switched on and off, it was found how much 
this tone had to be raised in intensity when sounded by itself in order for 
it to be perceived as equal in loudness to the two tones together. The 
results are shown in decibels on the ordinate. The filled and empty 
circles represent results from two different subjects. 

A bridge circuit as shown in Fig. 11-12 was used to apply two alter- 
nating currents to the telephone receiver without any interaction between 
them. Here the resistance R and the induction L are matched to the 
effective resistance of the receiver or 
are replaced by a second receiver 
with the same characteristics. 

That the curve obtained in this 

manner depends not only upon the 
mechanical characteristics of the 
basilar membrane but also upon the 
herve activity was shown by repeat- 
am ing this experiment with the tones 
in different ears. Because of the small transmission from one ear to 
the other the mechanical interaction was small. Yet exactly the same 
form of resonance curve was obtained, as Fig. 11-13 shows. 
These results prove that there is a high degree of interaction of tones 
in the central nervous system. Therefore it is likely that neural inter- 
action occurs for tones at threshold in the masking situation. All the 
observations so far on the damping of the cochlear resonators are con- 
sistent with the assumption that the damping is nearly aperiodic, or in 
any case is significantly greater than 9 = 0.1. 


Fie, 11-12. Bridge circuit for applying 
two tones to one phone. 
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Law of Contrast. Returning to the method used by Wegel and Lane 
for determining the form of vibration of the basilar membrane, we may 
raise the question whether nerve excitation in general is proportional to 
the mechanical action at a particular place on the basilar membrane. As 
we consider the nature of the nervous network in the brain, it seems likely 


Loudness increase, db 
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Fic. 11-13. Loudness summation for two tones applied to different ears, as a function 
of frequency. 


that the nerve fibers forming this network can interact with one another 
so that the operation of a stimulus at a given place on the basilar mem- 
brane can be affected by the intensity of stimulation on either side. 
Mach (2) was the first to bring forward proof of this sort of action in the 
field of vision (see also Kühl). 
! Thus it may be shown that a dis- 
| tribution of stimulus intensity such 
as that represented in a of Fig. 11-14 
i produces a sensory effect like that 
l shown in b. A dark spot is seen at 
1000006000 each place where the light intensity 
4 8 was changing in such a way as to give 
a eurve that is concave upward as in 
A of the figure. Here the brightness 
seems to be suddenly diminished. 
A ^ 


END EN 
1 \ 


A B 
M Af f distributi f 
Fra. 11-14. (a) is a form of distribution — Fra. 11-15. orm of distribution o 
f li i ity it isual amplitude on the basilar membrane (solid 
n intensity, and, Pr ORE line) and its expected sensory effect (broken 


line). 


On the other hand, at places where the curve of. light intensity is con- 
cave downward, as at B, there is an apparent increase of brightness. 
These departures from the actual brightness distribution are not small 
but are of the order of magnitude of the brightness itself. Therefore 
the experienced distribution of brightness departs markedly from that 
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presented. Let us consider a distribution of brightness corresponding 
to the form of stimulation of the basilar membrane produced by tw 
simultaneous tones of closely similar frequency. Then the two resonanc« 
curves will fuse to give a peak region with uniform amplitude as shown 
by the solid eurve of Fig. 11-15 
In this case we should not expect 
any discrimination of the two tone 
p" Cu But by the law of contrast the sen 
sory effect should have the forn 
shown by the broken line, which 
would allow a good discrimination 
of the two tones. 

The visual phenomenon can bi 
demonstrated as shown in the pho 
tographs of Fig. 11-16. On a blac 
cylinder were mounted white are 
of the form of the resonance curs 
described above, and when t? 
cylinder was rotated a band of light 
was seen with two distinct white 
stripes in the center. 

Because on anatomical ground 


the contrast phenomenon must be 
ascribed largely to the central ners 

ous system we must expect that it 
is not restricted to vision but hold 
also for the basilar membrane, in 
which the nerve fibers have a di 

tribution similar to that of the 
retina. At any rate, it is easy to 
demonstrate that this phenomenon 
holds for tactual sensitivity on the 
surface of the skin. To do so it i 
only necessary to cut out of heavy 
pasteboard a pressure stimulator ol 
the form shown by the black sur 

faces a of Fig. 11-17 If this object 
is pressed for a moment on the skit 
of the upper arm, for example, th 
sensation does not correspond to 
the form of the stimulus, but is like 
that represented in b, which clearly 


Fia. 11-16, The white areas (above) when 
rotated gave the visual effect as indicated ‚ 
below I8 a contrast effect This experi 


ment does not always give a proper 

result because the object stimulates not onlv the skin nerves but also the 
nerves in the underlying muscle layers 

Therefore it appears that Mach's law of contrast should play a highly 


ignificant role in auditory theory It achieves a certain patterning of 
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sensation, as in the example just described. A distribution of stimu- 
lation with the form of a single resonance curve will produce a high 
peaking of the maximum, because at this point the stimulus intensity 
undergoes its greatest variation, whereas on either side the stimulus effect 
falls off and the curve there is convex downward. 

The law of contrast gives firm support to the hypothesis advanced by 
Fischer and Budde (2), according to which only the maximum amplitude 
of the basilar membrane is important in stimulation. At the same time 
this contrast effect, by altering the amplitude pattern, produces a signifi- 
cant increase in the resolving power of the ear. Without it we should 
have difficulty in accounting for the interaction of two tones and for our 
ability to perceive a particular tone in a chord. 

We now have seen that the acceptance of nearly aperiodic damping for 
the cochlear resonators is largely supported by the evidence, though the 


Fra. 11-17. The black forms when applied to the skin gave the tactual effects indicated 


below each of them. 


problem cannot be regarded as settled without further investigation. 
We therefore return to our consideration of the cochlear model. 

Form of Vibration of the Rubber Membrane in the Cochlear Model. 
To make it possible to follow the movements of the fluid of the model as 
well as of its membrane, the fluid was filled with fine carbon particles. 
For photography of the movements, finely ground aluminum foil or gold 
leaf was used, When the tuning fork was set in vibration, this dust which 
was resting on the membrane was rapidly transported from the stapes to 
the helicotrema. This fact showed that a traveling wave was present, 
going in the direction of the helicotrema. When after a moment the 
steady state was reached, the fluid in the neighborhood of the helicotrema 
came to rest, and even a great increase in the stimulation gave no observ- 
able movement of the particles. There was an equalization of the total 
pressure variations above the basilar membrane, so that over the helico- 
trema in particular there were no movements of the fluid. 
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On the other hand, two sharp eddies were formed above and below the 
membrane in a partieular region as in Fig. 11-18. The photograph of 
Fig. 11-19 shows the two eddies, and it may also be noted that the alu- 
minum powder was mainly deposited in the region of the helicotrema. In 
photographs the eddies do not show up as sharply as they really were 
because the strong light required 
at the high magnification caused a 
warming up on one side and pro- 
duced a slow movement of the fluid. 
The diameter of the eddy was al- 
ways equal to the height of the fluid 
above the membrane, and its veloc- 
Fic. 11-18. Form of eddies in the cochlear ity of rotation was proportional to 
model, the amplitude of motion of the 
stapes down to the smallest movements that were detectable. 

The eddy was located at various positions along the membrane accord- 
ing to the frequency of the stapedial vibrations. For low frequencies it 
was in the immediate vicinity of the helicotrema, and for high frequencies 
it was close to the stapes. Likewise, when the frequency was kept con- 
stant, it was closer to the stapes when a thick membrane was used than 


Fic. 11-19. Photograph of the eddies. 


for a thinner one. Because the rubber membrane absorbed water in 
high degree, its elasticity diminished greatly with time, and accordingly 
the eddy moved toward the stapes. 

The produetion of this eddy is simply explained. In an approximate 
way we can consider the rubber membrane as divided into several 
transverse bands, much as conceived of in the resonance theory. Let us 
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suppose that these bands are equal in width (¢.¢., as measured along the 
longitudinal dimension of the membrane); but they vary in length at 
different places along the membrane. Then they can be regarded as 


separate resonators whose natural frequencies decrease continuously 
toward the helicotrema. If this system of resonators is exposed to 
sinusoidal stimulation, the amplitudes of vibration at successive instants 


will form a group of curves like that of Fig. 11-20. If the stapes is in 
the extreme right position, the membrane is bulged strongly downward. 
If now the stapes moves to the left, the membrane will gradually bulge 
upward, taking positions at successive instants as indicated by curves 
1 to 6. 

From the intermediate curves it may be seen that in the course of this 
movement the fluid above the membrane and on the left side will be 
sucked in the direction of the solid arrows. When the membrane 
reverses its direction the fluid will be displaced to the right as indicated 
by the broken arrows. 


Stopes N 4 


Fic. 11-20. Curves showing successive patterns of amplitude on the basilar membrane 
of the model during a full sinusoidal vibration. 


In this manner the vibration of the membrane near the place of 
resonance, where the displacement is the greatest, produces a transporting 
of fluid near the surface in a direction from the higher tuned resonators 
to the lower tuned ones. This transported fluid of course must return, 
and in this way the eddy arises. The same thing takes place on the lower 
side of the membrane, though the form of motion is a mirror image of 
that on the upper side. "This situation accounts for the variation in the 
location of the eddy as a function of frequency, as well as for the other 
phenomena mentioned. Because the vibration has its maximum ampli- 
tude at the place where the eddy appears, & perforation of the membrane 
always occurs there. j 

The ba of the membrane can be followed precisely through 
the observation of the carbon particles under the microscope with 
stroboscopic illumination, if the interruption of the light is adjusted so 
that the membrane seems to execute about one vibration per second. 
It then is clearly seen that the membrane does not vibrate with standing 


waves, but that the waves are propagated continuously toward the 


helicotrema, where they rapidly lose their amplitude. p A 
A picture of the tora xai died by the membrane àt à partieular instant 


is given in Fig. 11-21. The portion of the membrane from the stapes to 
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the place of resonance vibrates almost completely in the same phase. 
At the place of resonance there appears a phase reversal, and from here 
on waves arise that with a uniform rubber membrane become progres- 
sively smaller in wavelength. At the place where these waves begin, the 
eddy movement of the fluid ceases, and in this region the fluid only 
moves to and fro, as the arrows indicate. In Fig. 11-22 is shown a 


ene SO 1 
Td a hi 
Fıs. 11-21. Vibration pattern of the basilar membrane and the eddy effects in the sur 
rounding fluid. 


photograph of the form of movement of the membrane for a lower and 
for a higher tone. 

Contrary to what Ewald obtained with a rubber membrane, these 
results obtained with stroboscopic illumination did not reveal any 
standing waves. To make the vibrations visible, the light was cast 
upon the membrane at a grazing angle. The membrane then was readily 
observed, because it absorbed water and became cloudy. When the 
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Fic. 11-22. Photographs of the model in response to two frequencies. 


waves were produced, their valleys fell in the shadow of the metal frame 
and so seemed dark. Therefore the deflections of the membrane were 
readily perceived. 

To discover to what extent the cochlear duct influences the form of 
vibration of the membrane, a second model was constructed in which 
Reissner's membrane and the cochlear duct were represented as in Fig. 
11-23. Reissner's membrane was formed as an extremely thin membrane 
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stretched over a small frame, so that its elasticity was small in compari- 
son with the basilar membrane, and therefore it had little influence on 
the action. By means of a funnel the space between the two membranes 
was filled with a viscous fluid, either glycerin or honey, so as to reproduce 
the mass present in the cochlear duct. Also a small hole was drilled on 
one side to represent the helicotrema. 

It was found that the form of vibration of the basilar membrane was 
much the same as before, except that the number of waves that could be 
seen was usually reduced to two because of the increased damping. The 
eddy over the basilar membrane was visible as before. Also there was 
a broader one below Reissner's membrane, which signified that on account 
of the great viscosity of the fluid for rapid vibrations the two membranes 
vibrated together. 
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Fra. 11-23. A cochlear model in which Reissner's membrane is represented. 


rther that a perforation of the membrane 


The experiments showed fu i 
no longer occurred at a point, but always a large area was destroyed. 


This also agrees with observations made on the ear itself. 


After these relations had become sufficiently understood on the model, 
the investigation was continued to determine whether the human basilar 
membrane undergoes movements of the same kind. 

Form of Vibration of the Basilar Membrane. In the study of the 
question whether eddies or à. strong flow of fluid along the basilar mem- 
brane result from the action of intense tones upon the ear, let us consider 
Fig. 11-24. This is a schematic cross section of the inner ear showing 
the cochlea and the vertical semieireular canal with its ampulla. As is 


well known, the semicircular canals and ampullae in man serve for the 


perception of equilibrium. If the onset of a strong tone actually sets 


up a streaming of the fluid along the basilar membrane in the manner 
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indieated in the figure, this movement must involve not only the fluid 
of the cochlea but that of the canals as well. This will be true because 
the canals are connected to the cochlea at two different places, so that 
the fluid movement will set up a pressure difference between these two 
openings. 

Such a streaming of fluid in a canal will produce a disturbance of 
equilibrium, which will cause the head to be inclined to the right or the 
left. To ascertain the direction of this inclination a familiar physiological 
method was used, consisting of the injection of cold water upon the ear- 
drum. This injection causes the fluid in the part of the semicircular 
canal lying near the eardrum to be cooled off, whereupon it sinks, causing 
a tipping of the head in the direction of the eardrum. Then if, as the 
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Fic. 11-24. Schematic section of the ear. 


arrow of Fig. 11-24 indicates, the introduction of a tone produces the 
same streaming in the canal, a tipping of the head must follow. If the 
tone is intense (near the threshold of feeling), then overtones will arise 
through the nonlinearity of the eardrum and the cochlea. They will 
produce a spreading of the eddy toward the stapes, so that during the 
sounding of the tone the streaming will remain in the region of the canal. 
Then if the tone is switched off, the fluid motion in the canal will cease, 
and the head will move to the opposite side. Both of these reflex move- 
ments could be demonstrated, though an unpracticed subject usually 
perceived the second one more readily. This was true because only 
after a little practice could the reflex movement arising from the fluid 
streaming in the canal be distinguished from the usual response of with- 
drawal from a sudden tone. However, if a person is accustomed to 
listening to strong tones, these two effects are observed with confidence. 

This physiological investigation leads to the conclusion that during 
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stimulation a traveling wave is formed on the basilar membrane, and not 
standing waves. The following procedure was used to confirm this 
conclusion by direct observation. 

A temporal bone from a fresh cadaver was freed of all unnecessary 
tissues, and the apex of the cochlea was ground down with a fine grinding 
device until a small opening appeared, but without any damage to the 
basilar membrane or Reissner’s membrane. This grinding is difficult 
and is successful only occasionally even when done with the greatest 
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Fic, 11-25. Method of opening the cochlea at the apex. 


care. Therefore it is helpful, especially at first, to soften the bone by 
decalcification at the place where the opening is to be made. This is 
particularly necessary because there are large differences among ae 
mens in the spatial relations within the cochl n, and even consider able 
experience with this situation is insufficient. The method of grinding 
is illustrated in Fig. 11-25, which shows clearly that no membrane has 
been damaged or displaced from its proper position. The cochlea con- 
turn has been brought into view, about 


tains about 234 turns, and as one 
has been exposed. 


one-third of the basilar membrane 
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The two membranes are almost completely transparent, and to make 
their movements visible it is necessary to apply some carbon or aluminum 
powder to them. A little of the powder was added to dilute saline solu 
tion and injected into the cochlea. The powder then settled down on the 
membranes. After the cochlea was completely filled, a small glass plate 
was glued over the opening as shown in Fig. 11-26. 


Fic. 11-26. Method of covering the opening with a glass plate 


Often during the grinding some of the fluid escaped from the deeper 
regions of the cochlea, and then a bubble remained after the cochlea was 
filled. These bubbles usually came out readily if before the closure there 
was a momentary stimulation of the stapes, because the fluid movement 
just deseribed progresses along the membrane. If this procedure was 
unsuccessful, a little alcohol was added to the fluid and the cochlea care- 
fully warmed up, as by bringing it into the beam of an arc lamp 


THE PATTERN OF VIBRATIONS IN THE COCHLEA 427 


Next the ossicles were removed up to the stapes, and to the stapes a 
fine wire was carefully cemented, as shown in Fig. 11-26. This wire led 
to one prong of an electromagnetically actuated tuning fork. When the 
tuning fork was set in vibration the movements of the basilar membrane 
could be observed with a microscope. For more exact investigations 
stroboscopic illumination was always used. 

Often the experiment was brought to a close, especially when strong 
amplitudes were used, by a ripping of the stapes out of the oval window. 
In order to continue the observations in spite of this, the tube system 
shown in Fig. 11-27 was used, and its lower end was sealed to the bony 
edges of the oval window. The enlarged end of this tube was connected 
to a rubber diaphragm which was set in motion by a small piston, now 
acting as a stapes. 

To be certain of avoiding any air bubbles in the cochlea, the glass 
window at the apex was removed, and a funnel was used to force fluid 
slowly through the entire tube system 
until all bubbles were removed. Then Funnel 
the apical opening was sealed once 
more, and the stopcock on the funnel 
was closed. This arrangement had Bala eine 
the advantage of permitting much zning fork 
greater amplitudes of vibration of the 
basilar membrane, so that observa- 
tions could be made with a lower power 
of the microscope, and thus with a 
broader field of view in which the Fic. 11-27. The artificial stapes. 
whole membrane was seen at one time. 

Because this artificial tube system lengthens one scala of the cochlea, 
the question arises as to whether it affects the form of movement of the 
basilar membrane. To test this point a model was eonstrueted with the 
membranes situated at different places in the chamber. It was found 
on stimulating with the tuning fork that despite the difference in position 
the two membranes showed eddies in practically the same places. This 
observation shows that the length of the fluid column over which the 
pressure variations are conducted to the membrane has only an insignifi- 
cant effect upon the location of the place of resonance of the aan 
The same thing was observed when a large mass of lead was attached to 
the round-window membrane, thereby effectively lengthening the fluid 
column in this scala. In this experiment there was no noticeable dis- 
placement of the mid-point of the eddy. Hence we may be sure that the 
artificial tube system had no qualitative effect upon the form of vibration 
of the basilar membrane. " 

This limited influence of the length of the fluid column on the place of 
resonance of the basilar membrane seems not to confirm an assumption 
made by Lux, aecording to which the natural frequency of any one portion 
of the membrane is determined by the elasticity of the membrane and 
bv the mass of vibrating fluid extending from the stapes to the point of 
resonance on one side of the membrane and from the resonance point to 
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the round window on the other side. The reason for this is perhaps to 
be found in the fact that not only does the fluid move in this accepted 
sense, but that on this movement is superimposed a vibration of the fluid 
that takes place between a peak and valley of the wave as shown on the 
right of Fig. 11-21. The mass of fluid concerned in this vibration is 
dependent merely on the local elasticity of the membrane. Hence the 
place of resonance of the membrane also is independent of the vibratory 
conditions present at other places. 

Ewald (3) has already carried out direct observations of the vibrations 
of the basilar membrane of the guinea pig. However, his report con- 
tains only a few lines, and it is not possible to discover how the experi- 
ment was performed. 

Apparently Ewald removed a portion of the basilar membrane from 
the cochlea and placed it in his “camera acustica" to set it into vibration. 
Otherwise it is diffieult to understand his remark that he was able to 
photograph the vibrating membrane. In the cochlea both membranes 
are entirely transparent, and Reissner's membrane can only be seen by 
means of the carbon particles adhering to it. Moreover, the two mem- 
branes take such a spiral course that only a small part can be brought 
into focus at one time. In the “acoustic camera,” however, this dif- 
ficulty is absent, as it is with the rubber membrane, 

Finally, the standing waves observed by Ewald could not be confirmed. 
If the tuning fork was given a low frequency, say, of about 200 cps, a 
progression of the waves could clearly be observed with stroboscopic 
illumination. In this movement Reissner’s membrane and the basilar 
membrane were synchronized. The damping was so great that only one 
wave at most could be clearly made out. If a higher frequency was used, 
the part of the membrane that was visible in this experiment remained 
completely at rest. 

Hence there is qualitative agreement between the movement of the 
membrane in the model of the cochlea and in the actual human ear. 

The manner in which vibration of the membrane produces stimulation 
of the nerve fibers will not be considered at length here. One possibility 
is that the pressure effect of the eddy acts upon the basilar membrane, 
in which case the stimulation zone for a pure tone will extend over a rather 
narrow region, and apparently this region will be restricted further by a 
contrast effect. 

In this relation Reissner’s membrane will act so as to reduce the pres- 
sure on one side of the basilar membrane, and therefore the steady pressure 
on the other side, working against the resistance of the cochlear duct, will 
produce a bulging of the membrane, 

Accordingly, the ear is to be regarded as an aperiodic frequency 
analyzer of a sort yet unknown in technology. How the analysis differs 
basically from that achieved by usual methods can best be seen by con- 
sidering multiple-frequency telegraphy. In this method the frequencies 
are separated by means of individual receivers tuned to particular fre- 
quencies, and because transients are always present in the response of such 
receivers the speed with which messages can be sent is seriously decreased. 
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In the ear, on the other hand, an aperiodie form of communication is 
achieved. 

Moreover, the appearance of eddies represents an effective rectifica- 
tion of the vibratory movement of the fluid. "Therefore it may easily 
explain the appearance of combination tones. 


VIBRATIONS OF THE COCHLEAR PARTITION IN 
PREPARATIONS AND MODELS* 


Now to be considered are the patterns of vibration of the cochlear 


partition as measured in fresh preparations of the human ear during 
stimulation by pure tones. To observe these patterns it is necessary to 
drill holes through the bony wall of the cochlea and then to cover these 


holes with glass windows. The covering procedure is particularly 
diffieult, and preliminary observations were made on models to discover 
whether it is really necessary. With the models the changes in the 
vibratory pattern were measured when different types of openings were 
made. At the same time, the dimensions and the mechanical character- 
istics of the model were varied to ascertain the effects on the pattern of 
vibration. These observations make it easier to understand the differ- 
ences that exist in the construction of the inner ears of various species of 
animals, 

Transmission of Vibrations from the Air to the Cochlear Fluid. One 
of the most peculiar features of the physiology of hearing is the great 
variation in the auditory threshold with frequency. The minimum 
audible pressure for a tone of 1000 cps is about ten thousand times less 
than for a tone of 25 eps. The question is raised whether the variation 
with frequency arises in the mechanical transmission of the sound 
pressure from the air to the cochlear fluid, or whether it is correlated with 
some variation in neural excitation in the inner ear. 

In the attempt to answer this question, measurements were made of 
the displacements of the round-window membrane for various frequencies 
and a given sound pressure at the eardrum. The round-window mem- 
brane is round, as its name implies, and it lies deep in à niche that makes 
it difficult to approach. Its area is about 2sq mm. Also this membrane 
is covered by a thin secondary membrane, so that the usual methods o 
measuring the amplitudes of vibrating bodies are not applicable. T are 
fore the following method was employed. One arm of a small T tube 
was cemented to the edge of the niche, and to the stem of this tube a 
small earphone from a hearing aid was fastened. On the other arm was 
attached a small rubber tube, the other end of which was led to the ear 
of an observer, Sound pressure on the eardrum of the preparation 
produced movements of the round-window membrane in the niche. 
These movements produced a sound in the ear of the observer. A gains 
produced by the earphone was made to compensate for the sound pro- 
duced by the movements of the round-window membrane, so that the 
observer was no longer able to hear the tone. When this occurred, the 
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diaphragm of the earphone had the same volume displacement as that 
of the round window, and the two membranes were vibrating in opposite 
phase. From a calibration of the diaphragm of the earphone the volume 
displacement of the round window was determined. 

An easy way to make a hole in the middle ear just opposite the round 
window is to start from the facial eanal, as shown in Fig. 11-28. This 
canal lies at the base of the styloid process and was found by probing 
with a needle. A needle in this canal located a plane passing through the 
needle and the middle of the mastoid process. The direction of the drill 
used to open the middle ear was then fixed in this plane parallel to the 
direction of the needle and 6 mm away from the facial canal toward the 
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Fra. 11-28. The base of the skull, seen from below. 


center of the head. By opening the wall of the jugular foramen a hole 
was obtained opposite the round window. In order to indicate clearly 
the directions of the two holes, a small piece of wire was bent into a U 
shape with the two prongs 6 mm apart. The prong shown on the right 
in Fig. 11-29 was inserted into the facial canal. Both prongs lie in a plane 
passing through the middle of the mastoid bone, and the left prong then 
comes just opposite the niche of the round window. 

After the round window had been located exaetly, the opening into 
the middle ear was enlarged. "With the aid of a microscope the mem- 
branes on the edge of the niche were removed and a wall of dental 
cement, was formed around this rim. It was necessary that the cement 
mixture be stiff enough to hold its shape. Afterthecement had hardened, 
a short tube was fastened to this rim, and then the outside of the tube 
was cemented to the hole in the wall of the middle ear so that the middle 
ear was again airtight. A second tube equipped with à small condenser 
microphone was cemented into the external meatus, as shown in Fig. 
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11-30. "This tube served to lead the sound to the eardrum. In order 
to measure the displacement of the round window, the tube coming from 
the round window, as well as the whole temporal bone, was cemented to 
a heavy lead base. In this lead base there was mounted the earphone 
and the tube that led to the ear of the observer. As can be seen from 
Fig. 11-30, a movement of the eardrum of the preparation produced a 
movement of the fluid in the cochlea. This moved the round-window 
membrane, which moved the air in the tubing and in turn produced a 
sound in the ear of the observer. Therefore the sound heard by the 
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Fia. 11-29. Bent wire used to locate the round-window niche. 


observer was a measure of the movements of the round-window mem- 
brane. In order to prove that the sound heard was caused only by 
movements of the round-window membrane relative to the bony part 
of the inner ear and not by movements of the whole temporal bone, 
the round window was filled with cement, with the result that sound 
was no longer heard. 3 

It is important that the distance between the eardrum of the prepara- 
tion and the condenser microphone (in Fig. 11-30) be as small as possible 
in order to reduce the possibility of standing waves. The same holds for 
the distance between the round window and the earphone. In an effort 
to reduce even more the possibility of standing waves, the tubing was 
filled with hydrogen. 

By > mail described, the volume displacement of the round- 
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window membrane was compensated for, and thereby the ratio of the 
volume displacement of the round window to the sound pressure on the 
eardrum (AV/p) was obtained. "The results are given in the lower curve 
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Fig. 11-31. The responses of the round-window membrane to sound. The upper 
curve shows the phase angle and the lower curve the volume displacement per unit 
of pressure. 

of Fig. 11-31. The upper curve shows the phase angle between the sound 
pressure on the eardrum and the displacement of the round window. For 
low frequencies the movement of the round-window membrane represents 
an elasticity. For higher frequencies the influence of the viscosity is 
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predominant. And finally, for frequencies above 3000 cps the phase 
angle shows an inertia effect. The lower curve indicates that the absolute 
value of the vibrations of the round window for a constant sound pressure 
on the eardrum is practically independent of the frequency in the range 
from 150 to 4000 eps. This suggests that the large differences in the 
thresholds of hearing for various frequencies are due to mechanical effects 
inside the cochlea or to some characteristics of nervous excitation. 

Measurements made over a period of two weeks showed no important 
changes for a temporal bone kept in Lysol solution at a temperature 
of 5?C. But among the individual preparations there were marked 
differences. At 600 eps small resonant peaks could usually be observed. 
These peaks increased until around 1200 cps they were often pronounced 
and showed distinct individual characteristics. "Therefore it is possible 
that the little peaks that appear in precise threshold measurements, as 
shown especially by Waetzmann (9; Waetzmann and Keibs, 1), are 
caused mechanically by the middle-ear ossicles, which have characteristics 
as personal as facial features. The two ears of the same skull have closely 
similar resonant peaks. Individual differences in the eighty different 
temporal-bone preparations were obvious. The surface area of the round- 
window membrane, for instance, varied over a range of 1:3, and its 
thickness varied even more. The range of variation of the volume dis- 
placement of the round-window membrane is shown by the erosshatching 
in Fig. 11-31. Some of the sharpest resonant peaks around 1200 eps 
have been omitted. 7. ` 

The method commonly used for testing the mobility of the ossicles 
by pulling on them with forceps does not allow us to draw any conclusions 
about the behavior of the ossicles while vibrating. Measurements of the 
amplitude of vibration of the round-window membrane appear, there- 
fore, to be particularly useful in a systematic investigation of the mobility 
of the middle-ear mechanism in different types of disease. In this way 
it is possible, at least during autopsy, to delimit sharply the portion of 
the disturbance that is to be assigned to malfunction of the middle ear, 
and a previous diagnosis can be corroborated. 

It has been said that a high static pressure in the cochlea produces an 
outward displacement of the stapes and reduces its mobility. if this 
condition of immobility is continued for many years, there is an impair- 
ment of the blood supply to the ear and other changes that finally lead 


to otosclerosis. X h 

To test this assumption the static pressure in the vestibular organ e 
altered by injecting water by means of a hypodermie needle with a weig 1 
on the piston of the syringe (see Fig. 11-30). ; By rotating the piston 
continuously with special equipment it was possible to reduce the friction 
in the glass tube so that the pressure in the fluid could be calculated from 
the weight. ; . 

A measurement was first made of the maximum statie pressure that 
the inner ear could bear. It was found that at a pressure of about 4 atm 
a faint click was heard in the temporal bone, and after this the bone began 
to drip. Probably one of its blood vessels had burst. Special prepara- 
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tions of the round window showed that the round window ruptured at 
static pressures of from 4 to 7 atm. The stapes was not visibly affected 
by the maximal pressures that could be produced in the cochlea. The 
force necessary to tear it out by means of a hook was about 320 grams, 
which corresponds to a pressure of 16 atm applied to the footplate. 

After these preliminary measurements on several very fresh tempora! 
bones the volume displacement of the round window was measured for 
300 and 1000 eps by adjusting the current in the earphone (see Fig. 11-30) 
so that the tone in the ear of the observer was minimal. This adjustment 
was so precise that the smallest change in phase or amplitude of vibration 
of the round window could easily be detected. In general, no changes 
were observed as the internal pressure in the cochlea was continuously 
increased until just before the inner ear started to drip. Then there 
was a change in amplitude of about 10 to 20 per cent. From these 
observations it appears that an increase of the pressure in the inner ear 
probably does not immobilize the footplate of the stapes. 

As shown in Fig. 11-31, the volume displacement of the round-window 

membrane and of the fluid of the cochlea are practically independent 
of frequency. To discover which parts of the ear contributed significantly 
to this function, measurements were made of the amplitude of vibration 
of the fluid in the cochlea on the successive removal of the eardrum, 
ossicles, stapes, and round-window membrane. In a second set of 
measurements, made through the internal meatus, the movements of 
the round-window membrane and the stapes were also studied (see 
page 96). 
i In preparing for measurements of the movements of the cochlear fluid, 
it is important that none of the fluid be lost when the round-window 
membrane is removed and the stapes is torn out. Similarly, it is neces- 
sary that the openings in the cochlea be so positioned that no fluid can 
escape. The viscosity coefficient of the perilymph in living man at a 
temperature of about 37°C is 30 to 50 per cent less than at a room temper- 
ature of 20°C. In order to estimate the error caused by this temperature 
difference, the cochlea was filled with a solution of glycerin and water 
with a frictional coefficient of 0.02 cgs at 20°C, which corresponds to 
the value for perilymph at 37°C (see page 406). The measurements 
showed that the mobility of the fluid in the cochlea was not appreciably 
changed by substituting the water-glycerin mixture for the perilymph. 
It was also shown that there was no change when the fluid in the cochlea 
reached the rim of the cement wall around the round window. As the 
diameter of the opening was larger than that of the body of the cochlear 
canal, it follows that the capillary forces on the surface of the perilymph 
did not influence the mobility appreciably. 

The ratio of the volume displacement of the perilymph to the pressure 
difference between the two windows of the cochlea is shown in the lower 
curve of Fig. 11-32. Both the stapes and the round window have been 
removed. The upper curve shows the phase angle between the volume 
displacement and the pressure difference. For lower frequencies the 
impedance of the perilymph alone is a resistance, but for the higher 
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frequencies, those above 1000 eps, the effect of inertia is the greater. 
According to Poiseuille's law of frietion, the frictional loss (force) in a 
enpillary tube is proportional to the fourth power of the radius of the 
tube. In the canals of the cochlea the eross-sectional area is, in general, 
larger than 1.2 sq mm, except near the round window, where the area is 
0.6 sq mm. However, the cross-sectional area of the helicotrema is 
only about 0.4 sq mm, and for very low frequencies the frietional loss 
is apparently caused entirely by the streaming of the perilymph through 
the helicotrema. 

When fluid was made to flow continuously through the cochlea and the 
amount passing through in a given time was measured for a constant 
pressure difference between oval and round windows, it was found that 
the streaming resistance of the cochlea is equal to that of a capillary tube 
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Fic. 11-32, Volume displacement of the cochlear fluid when the stapes and round- 
window membrane were removed. The upper curve shows the phase angle and the 
lower curve the amount of displacement per unit of pressure. 


6 em long with an inside diameter of 0.69 mm. For a fluid with a frie- 
tional coefficient of 0.02 egs and with a pressure difference between the 
two windows of 1 dyne per sq em, the amount of fluid running through 
the cochlea per second is V = 5 X 1075 cu em. f 
The measurements of the mobility of the perilymph alone showed little 
variability, but other parts of the cochlea sometimes showed large 
individual differences. For instance, the volume elasticity AV/p of the 


membrane of the round window varied between 10-? and 107" cu em per 


dyne per sqem. These differences were obvious from the wide variations 
The varying thicknesses 


in the surface of the round-window membrane. 1 à 
of the membrane are correlated with changes in transparency. The 
mobility of the stapes showed large changes too. Sometimes the imped- 
ance was practically a friction, and sometimes it was a pure eee’ 
In general, one of two situations was found: either the round window 
was stiff and the stapes was mobile or the round window was very 
yielding and the stapes relatively immobile. Obviously it is irrelevant 
for hearing, especially for low frequencies, whether the mobility of the 
fluid in the cochlea is determined by the elastieity of the round-window 
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membrane or of the stapes. To obtain a better picture of the impedance 
of the different parts of the cochlea, one part after another was removed, 
and the movements of the perilymph were measured. The results are 
shown in Fig. 11-33 for an ear with a yielding round window. The 
upper eurve shows the phase angle between the volume displacement and 
the pressure difference for the perilymph, in the absence of both stapes and 
round-window membrane. For the higher frequencies, the phase angle 
corresponds to that of a mass, and for lower frequencies it approaches 
.... Cochlear fluid alone 
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Fic. 11-33. Phase angle and volume displacement of the round-window membrane 
after removal of various structures as indicated, 


the characteristics of a system having only friction. If the membrane 
of the round window is not destroyed, the vibrating system, consisting 
of the round-window membrane and the perilymph, shows a resonant 
peak near 1400 eps, as seen in the second curve of Fig. 11-33. If the 
stapes footplate, the round window, and the perilymph are intact, the 
whole system behaves like an elasticity with frictional losses predominant 
at higher frequencies, as evidenced by the third curve of Fig. 11-33. For 
the normal ear with eardrum and ossicles intact, the resonant frequency 
is around 800 cps (fourth curve). 

The lower set of curves gives AV /p for the various stages of simplifica- 
tion. From these curves we may draw the same conclusions as from the 
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curves that show the dependence of the phase angle on frequency. 
Further, it is possible to see from the lower curves that when the eardrum 
is intact there is an appreciable pressure transformation. Consequently 
the volume displacement of the perilymph is larger than when there is an 
eardrum. This effect is especially marked below 1000 eps. 
Experiments with a Model of the Cochlea. To complete the investi- 
gation of the vibrations in the cochlea a model of the inner ear was used 


that had been constructed earlier Stopes 

(page 405). Inasmuch as measure- phe) Normal 
ments were now available of the Aound 

elastie properties of the cochlear window Y 

partition, this model was again of : om 
interest. It was possible to adapt ^ enforced membrane pie 
the model so that it approached increased 


closely the natural conditions in Se) 


the human ear. The question was 


whether the effects observed in this inp 


improved model were the same as 

those in the earlier investigations. I 4 
Because the human cochlea has : ae 

some properties that cannot be depth 

reproduced in a model, the study 

dealt first with the influence of the 

shape of the model upon the vibra- 

tions of the cochlear partition. It 


was possible to measure the changes 4 — 


in the vibratory pattern of the 


membrane exactly, because, as AI 

shown previously and also in the 

upper drawing of Fig. 11-34, two , 
eddies occurred during the vibration Pe rii 
of the membrane. These eddies of source 


changed their positions if the mem- 
brane changed its pattern of vibra- 
tion. If the frequency of the vibra- 
tion of the stapes was raised, "n 
eddies approached the stapes; an à 
if the f st was a the eddies moved toward the helicotrema. 

The cochlear model was constructed by cutting a broad slot from end 
to end in a 1.2 mm square brass rod, leaving intact the top and bottom 
and two ends, Two openings were bored through the left end. These 
Openings were covered with a stretched rubber membrane, and to one 
of these membranes a short metal rod was er a nr ore 
stapes. 7 ity i frame was bisected lengthwise a 
stapes. The cavity in the metal Sra pce tanhran.. The 


second, smaller metal frame cover i didit swhol 
open sides of the first frame were covered with glass plates, and the whole 


model was filled with water. ¢ 
It was found that changes outs! 


Fic, 11-34. Models with various modifi- 
cations of form, as indicated. 


de the frame near the stapedial foot- 
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plate and the round window did not affect the vibratory pattern of the 
rubber membrane when it was observed stroboscopically. Specifically, 
neither a change in the elasticity of the membrane over the round window 
nor a change in the length of the cochlear canals affected the vibratory 
pattern (see Fig. 11-34). This seems important from the physical 
point of view, because it implies that frequency diserimination in the 
cochlea is not altered by a change in the middle ear caused by disease. 
A disease may, for instance, produce a secretion in the middle ear, 
thereby changing the length of the vibrating fluid eolumn in the cochlear 
duct. 

The normal depth of the cochlear duct is 1 mm. If this was increased 
to 30 mm, no change in the vibratory pattern oceurred, as shown in the 
next drawing. But if the depth of the duct was decreased to 0.3 mm, 
the eddy in the narrow channel was broadened and moved toward the 
stapes. Stroboscopie observations indicated clearly that the place of 
the maximum amplitude of vibration moved in the direction of the stapes. 
In the frequency range between 600 and 2400 eps, the displacement of 
the eddy that followed a decrease in the depth of the duct to 0.3 mm could 
be compensated for by a change in the frequency of one-half to one 
octave. 

In order to examine the role of the depth of the cochlear duct more 
thoroughly, a small metal block was inserted into one of the ducts. This 
block could be moved by means of a rod with its handle outside the 
model, as shown in the third drawing from the bottom of Fig. 11-34. 
Thus it was possible to observe the position of the eddies and the pattern 
of the membrane vibrations first under normal conditions and then with 
a shallower duct. This experiment made it clear that nature has made 
the depth of the duct as small as possible without going so far as to cause 
a spreading out of the vibratory pattern along the cochlear partition. 

It is also evident that Ewald (2) made no mistake in the construction 
of his cochlear model when he made the depth and width of the canal 
very large, because the pattern of vibration of the membrane is governed 
primarily by the volume elasticity of the membrane itself. If the cochlear 
partition is made too yielding, the vibratory pattern conceived of by 
Ewald in his theory of hearing is the result. The two lower drawings in 
Fig. 11-34 indicate that the locus of the eddy is unaffected by moving 
the stapes to various positions. 

In all these experiments the length of the column of fluid in the model 
was the same as in the normal ear, namely, 35 mm, and the elastic proper- 
ties of the membrane were matched as closely as possible to the elastic 
properties of the human cochlear partition. 

The surprising stability of the pattern of vibration along the membrane 
is shown by the experiments illustrated in Fig. 11-35. If the fluid was 
removed from one of the channels, then the eddy moved toward the 
stapes, but the displacement was small, and by lowering the frequency 
15 to 25 per cent the eddy could be brought back to its former position. 
In the model in which only one channel was filled, it was immaterial 
whether the fluid was moved by vibrations of the stapes, as is normally 
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the case, or by leading air-borne sound to the empty canal, which would 
produce a sound pressure equal in magnitude along the whole cochlear 
partition. The second drawing from the bottom in Fig. 11-35 shows that 
the place of the eddy and the vibratory pattern of the membrane were 
still maintained, even if a third of the remaining fluid was removed. 

Inereasing the coefficient of friction of the fluid in the model by a factor 
of 10, by putting some honey in the water, caused the eddy to move 
toward the stapes. This change could be compensated for by a frequency 
change of one-half octave. 

Stroboseopie observations of a cochlear model with only the lower 
channel filled with fluid showed that, apart from a small displacement 
of the locus of maximum amplitude, there was no important variation 
from the vibratory pattern of a normal model. Therefore a model with 


Fra. 11-35. Effects of removing fluid from Fie. 11-36. Simplified model of the 
one channel of the model. cochlea. 


only one channel filled with fluid was used in further investigations simply 
because it was easier to construct. By submerging this model in fluid, 
both sides of the membrane were loaded with fluid so that the same 
properties were obtained as in the normal model. The difference 
between a one-channel model and a two-channel model has been investi- 
ated mathematically by Ranke (1). 

A The simplified modél is illustrated in Fig. 11-36. Tt was made of three 
microscope slides 1 mm thick so arranged as to produce, at the top, a 
trough with à cross-sectional area of lsqmm. On the top of the Ter 
two glass plates two thin metal strips (razor blades) were attached we e 
end of the trough and closed with a rubber membrane. To this rubber 
membrane a small piston was fastened to represent the stapes. 

With a small wire loop, a drop of rubber solution was drawn over the 
metal strips, forming & thin membrane between them. The loop was 
moved by a mechanical device at & controlled velocity so as to ensure 
uniformity of the rubber film. The process was adjusted so that the 
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membrane had a thickness, after drying, that gave it the same volume 
elasticity as the basilar membrane at every point. Because the model 
is simple it is not difficult to approximate closely the conditions of the 
natural cochlea. 

For this model the location of the middle of the eddy was measured for 
different frequencies. In Fig. 11-37 the ordinate represents the distance 
of the middle of the eddy from the narrow end of the membrane. To 
compensate for the small differences between the volume elasticity 
(pages 474 and 476) of the actual ear and that of the model arising from 
variations in the rubber film, a number of models were constructed, and 
the measurements obtained from them were averaged. This average is 
represented by the thin solid line of Fig. 11-37. This curve differs 
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Fro. 11-37. Place of maximum stimulation as a function of frequency in the normal 
human ear, in a complete model, and in a simplified model. 


but little from the one obtained with two canals, as shown by the heavy 
line; in fact, one curve can be transformed into the other by moving it 
along the frequency scale by about 20 per cent. 

Observations made on the model showed that the mid-point of the 
eddy represented precisely the place of maximum amplitude of vibration 
of the membrane. Also it was possible to relate the locus of destruction 
in the actual cochlear partition to corresponding hearing losses. In this 
way a comparison was made of the location of maximum movement of 
the basilar membrane for a given frequency in the model of the ear with 
the location in the natural ear for the same frequency. Stevens and 
Davis summarized the available observations for the human cochlea up 
to 1938 in a curve whose values are represented by the broken line in 
Fig. 11-37. Considering the difficulty of the measurements and the 
different methods by which the results were obtained, the agreement 
between the curves is remarkable. Consequently, the experiments done 
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on the models seem to be justified. Normal conditions were approached 
even more closely by placing a thin layer of gelatin on the rubber mem- 
brane to represent the cochlear duct. 

Place of Maximum Vibration in the Human Cochlea. Not only in 


the model, but even in a fresh preparation, it was possible with the 
technique used to observe the vibratory pattern of the cochlear partition 
for the different frequencies. For this purpose the middle ear, including 
the membrane of the round window and the stapes, was removed. To 
the rim of the round window a short brass tube was fastened with dental 


cement. Over this first tube a second brass tube, provided with a rubber 
membrane, was tightly fitted. After these preliminary preparations, 
the temporal bone was put under water, and the tip of the cochlea was 
ground away so that one turn of the cochlear partition was visible. It 


Underwater 
microscope 
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Fia, 11-38. Method of illuminating the cochlea with a stroboscope. 


was important to be sure that no air bubble remained in the cochlea after 
the preparation had been completed. This was assured by allowing fluid 
to stream through the cochlear canals. After this the tight-fitting tube 
with the rubber membrane was placed in position, and a small metal peg, 
representing the stapes, was attached to the rubber membrane. This 
block was connected with an electrodynamie driving system. After 
observations were made on the vibratory pattern of the exposed turn of 
the cochlea, the grinding was carried farther so that the parts of the 
basilar membrane closer to the stapes could be studied. b 
In order to measure the place of maximum vibration, stroboscopic 
illumination was used, and to make the transparent Reissner’s membrane 
visible some silver crystals were dropped on the membrane. For the 
stroboscopic illumination a small projector with heat-absorbing filters 
was used. With the help of a microscopic condenser lens the light was 
concentrated so that, in the plane of the perforated stroboscopic disk, 
an image of the incandescent lamp of about 0.1 mm was produced. As 
shown in Fig. 11-38, the light rays going through the stroboscopic disk 
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were collected by the objective of the same microscope and were made 
practically parallel. 

In preliminary measurements the optimal amplitude of the electro- 
dynamic vibrating system was determined so that no overloading of the 
basilar membrane occurred. After the place of maximum amplitude on 
the basilar membrane was determined for a given frequency, this place 
was located on a map of the cochlear partition (see page 29). 

The distance between the place of the maximum amplitude of vibra- 
tion and the footplate of the stapes for the different frequencies is given 
in Fig. 11-39. Above 3000 cps it was no longer possible, with the tech- 
nique described, to measure exactly the location of this maximum, because 
the movement of the basilar membrane was not transmitted to Reissner's 
membrane with the same vibratory pattern, and observations of the 
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basilar membrane itself were no longer possible through the cochlear 
duet. 4 Measurements in this part of the curve require a preparation 
in which the cochlear duct is seen, not from the side of Reissner’s mem- 
brane, but from the side of the basilar membrane. 

It was surprising that displacements of the pattern of vibration were 
found for frequencies as low as 25 eps. Under the microscope a difference 
between the vibratory patterns for a tone of 20 eps and a tone of 40 cps 
could easily be recognized. In the model, the displacement of the maxi- 
mum usually could not be observed below 200 eps because the whole 
membrane of the model vibrated in the same phase. One reason for this 
discrepancy is that the volume elasticity at the edge of the helicotrema 
was not as great in the rubber membrane as in the normal ear simply 
because in the process of spreading the rubber solution between the metal 
strips capillary forces caused a drop of the fluid to remain at the end of 
the opening. Also the helicotrema in the model was different from the 
helicotrema in the normal ear. In the normal ear a length of about 7 to 
8 mm of the cochlear partition surrounds the helicotrema. In the model 
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this could be reproduced only by winding the membrane around the 


helicotrema, and it is difficult to construct a smooth rubber membrane 
for a round channel. 

In removing the stapedial footplate great care was taken that there 
should be no mechanical overloading of the cochlear partition so that the 
whole of Reissner’s membrane might continue to act as a part of the 
cochlear partition. When this was true, the displacement of the partition 
for frequencies below 3000 cps showed no phase difference between the 
movement of Reissner’s membrane and that of the basilar membrane. 
The traveling waves in the model caused by a click were easily observed, 
but in the normal ear they are more quickly absorbed by the viscous fluid 
in the cochlear duct. When the gelatinous mass of the cochlear duct 
was removed from the basilar membrane 
with a fine brush the traveling waves were Mon 
observed with a larger amplitude and less 
damping. 


The movement of the cochlear partition, 
even when driven with simple sinusoidal mo- 
tion, extended over a wide area, For low 
frequencies and high intensities the central 
axis of the cochlea itself sometimes was 
observed to move near the helicotrema. As 
this movement was not in phase with the Guineo pig 
usual vibration of Reissner’s membrane, this 
membrane generally exhibited a somewhat 
circular movement. Sometimes these vibra- 
tions of the axis of the cochlea led even to 
a longitudinal displacement of the cochlear 
partition. From the existence of these vibra- 
tions of the axis of the cochlea we must con- 
clude that the degree of mechanical isolation Fyra. 11-40. Cross sections of 
between the two cochlear canals lying one — the cochlea of man and a 
above the other hasno influence upon hearing. Einen PIR- 

From cross sections of the human cochlea — 

shown in Fig. 11-40 we can see that, as might be expected, the wall 
between the two scalae lying one above the other is thicker near the base. 
But in the cochlea of a guinea pig, which is surely highly developed, the 
thickness of this wall does not vary. Even in man the wall is sometimes 
so thin that it can be broken instantly merely by touching it with forceps. 
According to the lower drawing in Fig. 11-34 the type of transmission of 
vibration to the fluid in the cochlea makes no difference in the vibratory 


pattern of the cochlear partition. 
Simplified Representation of the Vibrations in the Cochlear Partition. 


For a mathematical treatment of the vibrations of the cochlear partition 
it is important that the observed vibratory pattern be simplified. In 
the history of the physiology of hearing three types of simplification can 
be distinguished. 


In one class of theories, 


represented especially by Lux and Roaf, there 
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is a strict separation between the elastic forces in the cochlear partition 
and the forces derived from the mass of the vibrating fluid column. 
Therefore, their theory is based on simple resonant systems. As shown 
in the upper drawing of Fig. 11-41, the mass in the resonant system will 
be given by the length of the vibrating fluid column, and the elasticity by 
the stiffness of the cochlear partition at the place of maximum vibration. 
In the second type of theory, it is assumed that the cochlear partition 
itself constitutes a series of resonators, and the mass of the fluid in the 
neighborhood will act only to lower the natural frequencies of these 
resonators. The resonance theories postulated by Du Verney and 
Helmholtz belong to this group. In the third type of theory the hydro- 
dynamic problems are taken into consideration, and the cochlear parti- 
tion plays only the role of a membrane with a known volume elasticity. 
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Fic. 11-41. Method of studying the effects of the length of the fluid column. In the 
lower drawing the fluid column has been reduced to about 0.5 em near the region of 


maximum vibration. 


It is possible to classify these three types of representation as the U-tube 
type, the vibrating-plate type, and the hydrodynamic type. 

i These three representations are simplifications in three different direc- 
tions. In general they are sharply delineated one from the other. It 
was therefore most valuable that in the calculations of Ranke (3) the 
last two theories for the first time were reconciled. 

The following experiments were undertaken in the attempt to deter- 
mine which of the simplifications described above comes closest to natural 
conditions. First of all it is necessary to point out that the U-shaped 
movements of the fluid in the cochlea can approach the natural situation 
only in the lower frequency range. To prove this the fluid was removed 
from the simplified model of the cochlea (Fig. 11-36), the helicotrema 
was closed, and air-borne sound was introduced through the oval window 
into the enclosed channel. Then it was possible to see the entire length 
of the membrane vibrating in the same phase. But if the membrane 
was brought into contact with a long drop of fluid, the vibratory pattern 
of this part of the membrane became the same as under normal conditions, 
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provided, of course, that the rubber membrane in the model had been 
adjusted to mateh the elastie properties of the normal cochlear partition. 
In this experiment the drop of fluid did not represent a vibrating fluid 
column. Consequently the U type of vibration cannot be very impor- 
tant. This experiment shows that it is not even necessary for the fluid 
surrounding the membrane to be enclosed in a tube, for in the middle 
frequency range only the fluid close to the cochlear membrane influences 
the vibratory pattern of the membrane. 

To simplify the ealeulation of the hydrodynamic problem, a study was 
made to determine whether or not the eddies are important in the vibra- 
tory pattern of the membrane. If a suppression of the eddies does not 
change the vibratory pattern, then it is possible to calculate the pattern 
of the membrane without taking into consideration the hydrodynamic 
rectification effects that produce the 


eddies. To retard the flow of the Meg 
fluid in the cochlea the lower channel 
of the model (Fig. 11-42) was filled 


with warm gelatin solution, and 
observations were made of the eddy 


in the upper channel and the vibra- [Ty T 
tory pattern of the membrane under CK) 
stroboscopic illumination. As the podre 
gelatinous mass gradually cooled gelatine 
and congealed no important changes 
were observed in the eddy and the 
vibratory pattern of the membrane. 
The gelatinous solution was made 
by allowing dry gelatin to stand in 
water overnight and then pouring off 
any water that had not been ab- Gelatine plate 
sorbed. The saturated gelatin was ia. 11-42. Method of preventing the 
warmed inasteam bath. This mass formation of eddies. 
was so soft that, after congealing, 
the volume elasticity of the cochle 
changed. It was even anne to p 
congealed gelatin block, as shown ın 
position ut db eddy in the model. An attempt was made An the 
lower lip, instead of the gelatin block, to produce a model of the ve 
ear with nerve endings. However, these experiments were unsuccessfu 
because, unlike the basilar membrane, the vibrations from the model 
were felt not only on the surface of the lips but even in the ioc ce 
tissues, The smallest displacement of a vibrating body that uw ^ 
recognized on the surface of the lip is about 1 em. Consequently t : 
place discrimination for the E er i was not pronounce 
enough to permit a comparison with the ear. ^ 

The adt vni Telit membrane and the basilar membrane 
was filled with a soft mass. In order to investigate the influence of this 
mass on the rubber membrane of the model in Fig. 11-36, a soft gelatinous 


Woter 


ar partition in the model was not 
lace a simplified model on a soft, 
Fig. 11-42, without changing the 
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layer 0.2 to 0.5 mm thiek was spread on the membrane. In this case 
the place of maximum amplitude moved toward the stapes. The maxi- 
mum displacement could be compensated for by a frequency change of 
half an octave. The waves traveling toward the helicotrema were 
damped, and the wavelength was doubled. 

The mathematical treatment would be simplified if the cochlear 
partition could be conceived of as an elastic plate. The relatively large 
mass of the cochlear duet makes it possible that the mass of the fluid 
loading the membrane could be caleulated by a progressive approach. 
The vibratory pattern would first be calculated for the membrane without 
fluid in the canals, and after this the change in the vibratory pattern 
caused by the load of the fluid could be estimated and added in. It is 
unfortunate that this simplified mathematical approach is not possible 
for calculating the vibrations of the cochlea. To prove this the fluid 
was removed from both canals of a human cochlea. The helicotrema 
was closed with an agar-gelatin stopper, and air-borne sound was intro- 
duced through the round window. If the vibratory pattern of the 
cochlear partition in the human ear were independent of the fluid load 
on the cochlear partition, the pattern would be the same with and without 
fluid in the cochlear canals. The experiment showed that this was not 
the case. With no fluid in the cochlea there was no displacement of the 
maximum amplitude along the partition as the frequency was changed. 
A change in frequency from 20 to 1000 eps did not alter the pattern of 
T because the whole cochlear partition was vibrating in the same 
phase. 

These experiments suggest that of the three methods of simplification 
discussed above the best approach is to conceive of the cochlear partition 
as a membrane with known volume elasticity and to take into consider- 
ation the hydrodynamic aspects of the vibrations near the place of 
maximum amplitude. 


RESONANCE AND DECAY PROCESSES IN THE 
COCHLEAR PARTITION* 


The anatomy of the cochlea is such that vibrations of various fre- 
quencies transmitted from the stapes are in some degree distributed 
spatially along the cochlear partition, Now to be considered is the 
extent to which the amplitude of vibration of the partition exhibits a 
spatial separation for the different frequencies, and what decay times are 
associated with this mechanical analysis of frequency. 

Distribution of Amplitudes along the Cochlear Partition for Different 
Frequencies. In order to study the propagation of sinusoidal vibrations 
along the cochlear partition, the dome of the cochlea was ground off under 
water, and the opening was sealed again with a microscopic cover glass. 
This operation exposed one turn of the cochlea and permitted measure- 
ment, under stroboscopic illumination, of the vibrations of this section 
of the partition. The vibrations were measured under a binocular 


* Article 43 as listed in the Author's Bibliography. Published in 1943. 
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microscope with a magnification of seventy-two times. The most dif- 
ficult part of the operation was attaching the glass window under water. 

In earlier experiments with a model it was demonstrated that the form 
of vibration in the cochlear partition is not altered essentially if the 
cochlea is opened at the helicotrema, so that the vibrations of the stapes 
are transmitted only to the column of fluid between the stapes and the 
helicotrema (page 437). It seemed unnecessary, therefore, to seal the 
openings produced in the preparations. However, control measurements 
were always made on preparations with these openings sealed so that 
any small changes in the vibratory pattern caused by the opening in the 
cochlea could be observed. 

Because the cochlea was opened under water, the glass window had to 
be attached under water also to prevent air bubbles. A study of the 
literature on adhesives (Micksch, C. Breuer, Lehner) failed to disclose 
any substance usable under water. Moreover, this study indicated that 
the chemical and physical problems of adhesives had not been explored 
scientifically. "Therefore a long series of tests was undertaken. It was 
found that the dental cements, such as De Trey's copper precipitate, that 
are used especially for children and nervous patients (because they do 
not require complete drying of the dental cavities) are best adapted to 
joining glass and metal to fresh bone under water. The most favorable 
of these cements are determined only by trial and error, for the properties 
can be completely altered by the choice of proportions, by the temperature 
of the surface on which the mixture is prepared, and by the manner and 
speed of the compounding. A litharge-glycerin cement also was utilized. 
It consisted of fired litharge mixed with glycerin (that had been desiccated 
at 80° for 24 hr) and a few drops of ethylene glycol. m 1 

In order to transmit vibrations to the cochlear fluid in these experi- 
ments, it was expedient to remove the stapes and the membrane of the 
round window and to replace them with rubber membranes. For this 
purpose a small brass ring was cemented to the protruding bony structures 
surrounding the windows, and over this ring was slipped a second ring 
across which a rubber membrane had been stretched. The vibrations 
from the driving unit of a loudspeaker were transmitted to one of the 
membranes by a knob (artificial stapes) attached to the rubber membrane. 

The vibrations observable through the microscope were relatively 
large, and the next step was to discover whether nonlinear distortions 
appeared in the measured amplitudes. The data showed that the ampli- 
tude of vibration of the cochlear partition, as observed at a particular 
point, increased exactly in prone his ae sor vibration of 
the loudspeaker system, so that no distortion was 3 V 

At fi a below approximately 30 cps, the whole cochlear partition 
near the helicotrema vibrated with almost the same amplitude. As the 
frequency was raised, however, the vibrations moved away € the 
helicotrema until, at frequencies above 800 cps, no further vi Prud 
could be seen in the exposed spiral. The measured amplitudes o 
vibration, expressed in volume displacement per millimeter of length 
of the partition, constitute the ordinate in Fig. 11-43. This scale is 
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arbitrary for each individual frequency. The abscissa represents the 
distance from the stapes to the measured point. The distances were 
determined by noting the direction of the cochlear duct and converting 
the angle into distance by means of a chart of the cochlea, as described 
on page 29. 
Because the uppermost turn of the spiral was only 8 mm long, the 
technique of preparation described above permitted study of only those 
vibrations that occurred 27 to 35 mm 
en) away from the stapes. In order to 
25 cps cod study the vibrations nearer the stapes, 
it was necessary to grind away more 
of the upper end of the cochlea. As 
E NS shown in Fig. 11-43, this upper section 
"e of the cochlear partition does not 
vibrate at frequeneies above 800 cps. 
Shortening the partition, therefore, 
100 cps uic s did not alter the conditions of vibra- 
-7 tion when the cochlea was being driven 
at these higher frequencies. Conse- 
quently, it was possible to measure 
the amplitudes at different distances 
from the stapes, even though only one 
turn could be observed at a time. 


p Although the amplitudes fell off rela- 
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Fro. 11-43. Patterns of vibration of the stapes, the vibrations of the arti- 
the cochlear partition of a cadaver ficial stapes were held at a constant 
specimen for various frequencies. amplitude while more and more was 

; cut away from the cochlear apex, 
until finally the lowest turn was visible. The measurements of ampli- 
tudes obtained at this point, represented in Fig. 11-43 by broken lines, 
were no longer exact because the upper end of the partition had mean- 
while been destroyed, and because at frequencies below approximately 
100 eps the fluid no longer had to flow along the whole length of the 
cochlear partition. This situation is illustrated in Fig. 11-44. With 
constant volume displacements of the artificial stapes, the pressure dif- 
ference between the two scalae of the cochlea was decreased, and there- 
with the amplitudes of movement of the partition decreased as well. 
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However, if eare was taken to maintain as great a distance as possible 
between the measured point and the destroyed section of the cochlear 
partition, i.e., if the distance was as much as the length of a full turn, the 
resulting error was small. This is confirmed by the fact that experiments 
with the model produced the same distribution of amplitudes as shown 
in Fig. 11-43. 

It was of fundamental importance to measure vibrations in that section 
of the partition adjoining the stapes without destroying the cochlea. 
A method was therefore devised to open the cochlea at the base instead 
of at the apex. This method of preparation was much more difficult 
than opening the cochlea at the apex because more bone had to be 
removed. The helieotrema could be seen through the remaining layer 
of bone after only a few tenths of a millimeter had been cut away at the 
apex, whereas several millimeters had to be removed if the cochlea was 
opened from the medial side (toward the brain). With a cochlea from 
the right ear the best procedure was to hold the medial surface of the 


Place of measurement 
Destroyed part of cochlear portition 


Artificiol stopes A 
Fra. 11-44, Effects on fluid movement of destroying the apical portion of the cochlea. 


petrous bone horizontal, as in Fig. 11-45, and after removing the super- 
fluous bony parts to fasten it in this position into à metal ring by means of 
gypsum. ‘This ring, described elsewhere (page 27), could then be 
screwed into an apparatus designed for preparing specimens under water. 
The remainder of the procedure consisted in removing thin horizontal 
layers of bone along the auditory nerve by means of a diamond grinding 
wheel or a finishing burr such as dentists use. This process continued 
until the cochlear duct winding around the auditory nerve was visible 
through the bone. At this stage, the further steps 1n opening the lumen 
could be taken with complete safety. In cutting away different layers, 
it was found expedient to start with the grinding from the auditory nerve 
and to move in a radial direction from the center to the periphery. This 
was the quickest way to reach the stage at which the cochlear lumen was 
dimly visible through the bone. With the positive orientation estab- 
lished, it was safe to use coarser tools on the surrounding bony structure. 

When the position of the petrous bone was that shown in Fig. 11-45, 
the grinding could not be carried from the auditory nerve toward the 
left because of the danger of opening the semicircular canals. Since the 
semicircular canals are directly connected with the vestibule, the result 
of opening them would be that a movement of the stapes would produce 
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a displacement of the fluid in the semicircular canals instead of in the 
cochlea. 

Figure 11-46 shows a cochlear spiral opened from the base in the manner 
described above. The modiolus (cochlear axis) is in the center of the 
spiral. Because the modiolus supports the upper spirals of the cochlear 
partition, it was necessary to preserve à bridge of bone to keep this 
center firmly in place. Any grinding on this bridge of bone had to be 
done with care because the vibrations of the drill were transmitted to 
the axis, thus tearing the cochlear partition. Special care had to be 
taken also to retain the bony wall on the peripheral part of the eochlear 


Fra. 11-45. Position of the temporal bone when the cochlea is opened at the basal end. 


partition for at least half a millimeter above the cochlear partition. This 
was because the spiral ligament, to which the basilar membrane is 
anchored, rises about half a millimeter above the level of the partition. 
If this anchorage were loosened, the elasticity of the cochlear partition 
would be altered. 

It sometimes happened that, despite all precautions, the preparation 
of a cochlea from the side of the auditory nerve was unsuccessful. Then 
if vibrations of various frequencies were led to the stapes, the form of 
vibration along the basilar membrane would exhibit hardly any changes. 
The chief phenomenon was a resonance in the region of 400 to 800 cps, 
which masked the normal vibratory pattern of the partition. This 
disturbing resonance was probably due to the semicircular canals. The 
blood vessels supplying the canals had been opened when sections of 
bone were cut away, so that the canals were not sealed off from the out- 


THE PATTERN OF VIBRATIONS IN THE COCHLEA 451 


side as completely as in life. "This interpretation was supported by the 
fact that the disturbing resonances were eliminated by cutting away the 
semicireular canals and sealing the openings leading to the stapes. 

By this procedure it was possible to measure the amplitudes of vibra- 
tion near the stapes and to verify the dotted section of the eurves of 
Fig. 11-43. 


The appearance of disturbing resonances and the difficulty with which 
they were avoided—only by a painstaking cementing of openings leading 


Fic, 11-46. View of the cochlear spiral when opened at the basal end. 
to the semicircular canals—raised the following question. Why is the 
natural stapes located on that side of the cochlear partition that leads 
to the semicircular canals? Figure 11-47 illustrates how much more 
expedient it would be, from the physical standpoint, if the stapes were 
attached at the round window. Then the sound pressure would be 
exerted only on the cochlear partition, and its vibrations would on D 
affected by an increase in compliance at some point in the comp vn 

structure of the semicircular canals and other adjoining organs. e 


452 COCHLEAR MECHANICS 


answer is probably that, at some earlier stage in the evolution of the 
vertebrate ear, or even at the present stage, vibrations of the stapes under 
certain conditions could stimulate the organs near the semicircular 
canals. 

Transmission of Vibrations from the Stapes to Various Points on the 
Cochlear Partition. The distribution of amplitudes of vibration along 
the cochlear partition for various frequencies has already been established. 
The next step is to determine how the amplitude of vibration varies at a 
given point on the partition, given constant amplitude at the stapes, 
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Fia, 11-47. Schematic drawing of the labyrinth, after de Burlet. 


when the frequency is varied over the entire auditory range. Figure 
11-48 illustrates the apparatus designed for these measurements. 

The lower part of the figure shows, in cross section, the petrous bone 
opened at the cochlear apex. It was fastened with gypsum inside a brass 
ring, which could be screwed either into the apparatus used in the surgical 
preparation or into that designed for measurements. This permitted 
rapid preparation without undue disturbance of the specimen. The 
petrous bone was immersed in water, and small crystals of silver were 
scattered on the cochlear partition to make it more clearly visible. 
Observations were made through a microscope with a water-immersion 
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objective of approximately seven times enlargement (a plankton objec- 


tive). Possible vibrations on the surface of the water were thus elimi- 
nated as a disrupting factor, and also the lens could be placed diagonal 
to the water's surface without affecting the focus. The total magnifi- 
cation amounted to 126 times. A small tube R was fastened into the 
round window after removal of its membrane; a second small tube, 


equipped with a ring across which a rubber membrane had been stretched, 
fitted over R and served to transmit vibrations to the specimen. A little 


knob, which had already been fastened to the rubber membrane with 
adhesive wax, protruded partly out of the water. This protruding 
section was cemented to an electromechanical driving unit after final 


assembly of the various parts. 
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Fic. 11-48, Method of measuring the amplitude of vibration of the cochlear partition 
in response to volume displacements of the stapes. 


Because the presence of even & small air bubble in the cochlear lumen 
could invalidate the observations, the cochlea was well flushed out with 
saline solution by way of the tube R for several minutes before Bi 
of the parts. The rubber membrane was installed on tube R under 
water. To avoid the production of bubbles from the eonsiderable 
amount of air that was in solution in the water, the several parts were 
heated to 30°C before assembly and cooled to room temperature along 
with the water before the measurements were made. Because the 
solubility of air in water increases as the temperature falls, microscopic 
air bubbles were eliminated. : 

In order to measure vibrations at the stapes, the electromechanical 
vibrating system was equipped not only with a driving coil (see Fig. 11-48) 
but also with a second measuring coil in which an electric potential 
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wasinduced. Given an artificial stapes of known base area, this potential 
made it possible to read off directly the volume displacements of the 
stapes. 

There was another possible source of error besides that of leaving air 
bubbles in the cochlear lumen. If the rubber ring surrounding the stapes 
was not stiff enough, the fluid column in the cochlea, in combination with 
the membrane on the ring, constituted a system capable of vibration 
that could produce a false resonance. 

In order to examine this source of error, a capillary tube full of water 
was substituted for the cochlea before the measurements. The tube 
corresponded to the cochlea in length and diameter. One end was 
closed by the rubber membrane in question, together with the artificial 
stapes. The other end was closed with a slack rubber membrane on 
which silver crystals had been strewed, so that the displacements of the 
fluid column could be observed. If the stapes membrane was stiff 
enough, and if air bubbles had been completely eliminated, the dis- 
placements of the fluid column were found to be equal to those of the 
stapes at frequencies up to more than 3000 cps. 
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Fic. 11-49. Forms of resonance curves for six positions along the cochlear partition. 


The appearance of a disturbing resonance when the rubber ring around 
the stapes was too pliable fully explains why, in the actual ear, the 
fibrous ring around the base of the stapes is so small and stiff. 

Following these control experiments, the cochlea was installed in the 
apparatus. It was observed that, with constant volume displacements 
at the stapes, the vibrations of the cochlear partition were unchanged 
when the tube R was lengthened. It could also be seen clearly that the 
small silver crystals scattered over the partition clung fast to it and 
vibrated exactly in phase with it. 

Stroboscopie illumination was used throughout the observations, 
because it permitted the measurement of vibrations that were signifi- 
cantly smaller than could be measured under ordinary illumination. 

The curve of transmission of vibration was plotted as follows. A 
point on the cochlear partition was selected under the microscope, and, 
with constant amplitude at the stapes, the amplitude at this point was 
measured as a function of frequency. The resonance curves given in 
Fig. 11-49 were obtained for various points on the partition; their 
maximum amplitudes were taken as unity. The data exhibited rela- 
tively little variability, and agreement among different specimens was 
strikingly close. The curves were relatively flat, and in the range between 
200 and 3000 eps could be brought into tolerably good coincidence by 
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parallel displacement along the abscissa. Below 200 cps there appeared 
a further flattening of the curves, and this flattening increased steadily as 
the frequency fell further. It is clear that this sort of mechanical analysis 
of frequency is inconsistent with the requirements of many theories of 
hearing. 

Auditory Threshold as a Function of Hearing. As previous measure- 
ments have demonstrated, the transmission of sound pressure from the 
external meatus to the stapes is independent of frequency up to approxi- 
mately 2000 eps. Therefore the strong dependence of the auditory 
threshold on frequency, represented in Fig. 11-50 by the broken line, 
must arise in the cochlea rather than in the middle ear. It was often 
assumed in earlier reflections on auditory theory that the maximum 
amplitude of vibration in the cochlear partition directly represented the 
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Fic. 11-50. Ratio between the volume displacements of the stapes and the i "The 
amplitude of the cochlear partition as a function of frequeney (solid line). 
broken line represents the auditory threshold. 


magnitude of stimulation. It is now possible to determine, with constant 
amplitude at the stapes, how the maximum amplitude of vibration in 
the partition varies with frequency. For this purpose it is only necessary 
to determine, from the resonance curves on which Fig. 11-49 Brenn b 
the volume displacement per millimeter of length of the Bean oe 
maximum amplitude, and to divide this value into the corresponding 
volume displacement of the stapes. 4 

The diee of Reissner's membrane, which was the Lage of — 
cochlear partition generally observed, changed in form only slightly vi 
frequency. Therefore, the amplitude as expressed in nn cou : 
be substituted directly for the volume displacement per mens s 
length of the cochlear partition. Figure 11-50 shows how t : = 
amplitudes varied with the frequency. Unlike this relatively » 
function for displacement, the auditory threshold falls by vorm 
the fourth power of the frequency change as frequency X " 
follows that the magnitude of stimulation in the cochlea cannot err 
directly from the maximum amplitude of displacement in the partition. 
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At the same time, it should be pointed out that the rise in the auditory 
threshold above 2000 cps should not be attributed solely to decreased 
transmission of vibration from the eardrum to the stapes. It also 
happens, especially in pathological ears, that the volume displacements 
transmitted to the cochlear fluid may diminish if the walls of the other 
parts of the labyrinth near the stapes are not stiff enough. 

Travel Time for Pulses along the Cochlear Partition. Not only the 
resonance curve of the cochlea but also the growth and decay periods of 
the vibrations are of interest. Essentially the cochlea is a tube with 
flexible walls. A shock wave therefore takes a certain length of time 
to travel from stapes to helicotrema. The existence of this travel time 
has already been demonstrated by a subjective method (page 318). In 
this method one ear was continuously stimulated by a low tone and the 
other by a high tone until the area near the helicotrema became insensitive 
in the first ear, as did the area near the stapes in the second ear. If both 
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Fro. 11-51. Equipment for measuring the travel time of pulses along the cochlear 
partition. 


ears were then simultaneously stimulated by a sharp click, there was a 
certain time difference between the perceptions of the two ears as a 
result of the travel time. This time difference could be demonstrated 
by a shift in the lateral direction of the perceived position of the click. 
In order to measure the travel time objectively, a small mirror (0.05 mm 
thick, 0.5 mm long and wide) was placed on the cochlear partition, and 
the stapes was activated by a click. The time difference between the 
first movement of the stapes and the similar first deflection of a given 
point along the partition was registered on an oscillograph. An electric 
spark furnished the click, as shown in the arrangement diagramed in 
Fig. 11-51. A rotary spark gap was coupled to the oscillograph drum so 
that the timing of the spark could be set exactly. A glass tube approxi- 
mately 1.5 meters long conducted the report of the spark to the cochlea, 
where a small manometer was inserted to register the arrival of the wave. 
It is known that the sound of a spark consists in a sudden rise in 
pressure followed by a longer period of reduced pressure, such that the 
integral of pressure change over the total time interval is zero. Because 
of the long-lasting negative pressure, the onset of any resonant vibration 
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produced by the click will be somewhat distorted, unless the period of 
the click is less than one-quarter of the natural period of the vibrating 
system. Since the duration of a click depends on its energy, it seemed 
wise to measure this effect in a number of cases. For this purpose, the 
click was transmitted to a taut rubber membrane equipped with a small 
mirror. If the total duration of the click was short enough, entirely 
regular curves of decay were obtained, with a constant ratio between the 
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Fra, 11-52. Oscillograms of vibrations in membranes, produced by clicks. 


amplitudes of successive waves as illustrated by the upper oscillogram 
in Fig. 11-52. On the other hand, if the click was long in comparison 
with the natural period of vibration of the membrane, then the amplitude 
of the first deflection was diminished by the negative pressure, as shown 
in the lower oscillogram. It could be determined in this way to what 
natural frequencies a particular spark was suited. In order to shorten 
the duration of the click, the free play of the spark over the electrodes 
was eliminated by mounting à series of small metal balls at regular 
intervals on a rod of insulating material (trolitul) bent into an arc. 
'Travel times were recorded for the cochlear model and for specimens 
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of the cochlea by means of the apparatus shown in Fig. 11-51. The 
values given in Fig. 11-53 are representative of all the measurements. 
The abscissa gives the distance from the stapes, while the scale below 
indicates the frequency corresponding to each point. 

Control experiments demonstrated that travel time was unaffected 
by changes in the stiffness of the membrane of the cochlear window 
receiving the pulse, or by increasing the length of the vibrating fluid 
column. This latter was accomplished by adding a tube filled with fluid 
in front of the oval window. 

Decay Time of the Cochlear Partition. Ever since the resonance 
theory of hearing was formulated, questions about damping and decay 
have been of special interest (Jung). Many experiments have been 
devised with the use of subjective methods to determine the relation of 
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Fic. 11-53. Time of propagation of clicks along the cochlear partition. 


decay time to frequency. The most precise results from an experiment 
of this type were obtained by Steudel (2), who investigated the rate of 
decline of loudness. In the middle range of frequencies his study showed 
a strictly exponential form of decay, independent of frequency, amounting 
to 18 db during each tenth of a second. 

This decay of loudness may be determined in part by mechanical 
damping in the cochlear partition and in part by the rate at which 
neurochemical processes fall off, a rate which generally, as in other fields 
of physiology, declines exponentially. In order to determine which of 
these two factors is more significant, the decay of vibratory sensation 
on the skin was investigated. In the skin there are no resonant mechani- 
cal elements, and the cause of decay must be entirely neural. The decay 
time measured was so large that we can properly assume that both on the 
skin and in the ear it is the neural decay time that is predominant. 
Consequently, the earlier subjective techniques are not useful in measure- 
ments of the mechanical damping of the cochlear partition. 

If a resonance curve is fitted empirically to the data represented by the 
curves in Fig. 11-49, we obtain a value for the logarithmic decrement, 
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9 = r(Af/f,) = 1.3, in which Af is the difference between the frequencies 
of the two half-power points, and f, is the resonant frequency. This 
measure of damping turns out to be independent of frequency above 


200 cps and increases somewhat below this point. 

In order to measure the decay period of the cochlear partition directly, 
the model of the ear was subjected to a sound pulse from a spark, making 
use of the arrangement shown in Fig. 11-51. The vibration of the rubber 
membrane of the model with its attached mirror was recorded by an 
oscillograph. The progressive change in the natural period of vibration 
could easily be followed as the distance from the stapes was increased. 
It was also apparent that the natural frequency at a given point on the 
membrane always coincided with the frequency that produced thezmaxi- 
mum amplitude of sinusoidal vibration. 

Unfortunately, the corresponding experiment with specimens of the 
ear was unsuccessful. The measurements of the decay process could not 
be reproduced exaetly, and the time varied with the size of the mirror 
used, an effect that did not appear with the model. This difference could 
be attributed to the fact that, in the specimen, the mirror was laid on top 
of Reissner's membrane and was nof secured to the basilar membrane. 
The soft tissue between the mirror and the basilar membrane produced 
distortion in the vibrations of the mirror. ; 

The easiest way to investigate this relation of the mirror to the basilar 
membrane was to set the cochlea into vibration and observe stroboscopi- 
cally the vibrations of both the cochlear partition and the mirror. There 
was usually a clear phase difference between them, and this differ- 
ence varied with frequency. Only the silver erystals, which were very 
small, followed exaetly the vibrations of the basilar membrane. ' 

A direct measurement of the decay process was again attempted using 
the apparatus shown in Fig. 11-48. Very small silver crystals were 
scattered densely over the cochlear partition and exposed to strong, 
constant illumination. When the partition was set into vibration, the 
vibrations could be seen to die away as the microscope was moved slowly 
at right angles to the axis of vibration. Very regular curves could be 
obtained in this way if the silver crystals were small enough and if the 
illumination was sufficiently bright. 5 di 

A rotating mirror in an eyepiece is the best equipment for spreading 
out the vibrations for observation. An alternative Is illustrated in Fig. 
11-54, in which the mieroseope pedestal was made fast in a ber 
mounting. This arrangement permitted the microscope some Ireedom 
of lateral movement without affecting its normal focus. An eccentric 
weight which could be rotated by a flexible shaft was then fastened to the 


housing of the microscope. When the acp was ome at id m 
nr i ibed small circular movements. 
beni which always cut off the current 


shaft was conn o a rotary switch, urre 
to the feb don driving system (see Fig. 11-48) when the circling 
microscope was at a certain position. Thus the microscope gave à 
pieture of the course of the decaying sinusoidal vibration, as shown in 
Fig. 11-55. 
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This technique was then applied to the measurement of the decay 
process of the cochlear partition when the ear was subjected to brief 
pulses produced by either direct current or a sinusoidal current switched 
on and off. For the whole frequency range and for all positions on the 

cochlear partition measurements 
were obtained in which the ratio of 
the amplitudes of two successive de- 
flections in the same direction lay 
between 4:1 and 6:1. This corre- 
Eccentric sponds to a logarithmic decrement, 
weight 
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Fro. 11-54. Method of measuring the Fie. 11-55. Form of oscillogram obtained 
decay time of the amplitudes of move- — with the equipment shown in the preceding 
ments of the basilar membrane. figure. 


9 = log, Ai/As = 1.4 to 1.8, in which A; and A, represent the ampli- 
tudes of successive excursions. "This measure of ð should be numerically 
equivalent to the value of à derived from a resonance curve. 


100 cps 
Distance from stapes 30.5 mm 


Fie, 11-56, The decay of amplitude in a portion of the cochlear partition 30.5 mm from 
the stapes, driven at its natural frequency of 100 eps. 


Figure 11-56 reproduces the decay process when a point on the partition 
30.5 mm from the stapes was driven at its resonant frequency of 100 cps. 


VARIATIONS OF PHASE ALONG THE BASILAR MEMBRANE* 


The phase relations in the movements of the cochlear partition possess 
a significant theoretical interest. If for some particular point along this 
partition the changes of amplitude are plotted as a function of frequency, 
a curve is obtained that strongly resembles a resonance curve. Such 
* Article 47 as listed in the Author's Bibliography. Published in 1947. 
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observations seem to support the notion of an aural resonator. In a 
simple resonant system, however, the phase angle must change from 
7/2 through zero to —7/2 as the driving frequency is changed con- 
tinuously. Furthermore, at the point of resonance the phase angle will 
be zero. The measurement of phase is therefore particularly suited to 
test the correctness of this simple view. 

The phase relationships in the movement of the cochlear partition 
were observed by means of the phase-measuring stroboscope described 
in Chap. 4, page 38. It was first determined that there are no phase 
differences among the movements of the basilar membrane, the organ of 
Corti, and the tectorial membrane. In a fresh ‘preparation, Reissner’s 
membrane also vibrates in phase with the other parts of the partition. 
At the higher frequencies it was sometimes observed that Reissner’s 
membrane did not undergo a simple movement, but vibrated in sections. 

In Fig. 11-57 is shown the form of vibration of a point along the cochlear 
partition 33 mm from the stapes. The vibratory amplitude is shown by 
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Fic. 11-57. Phase displacement (solid line) and resonance curve (broken line) for a 


point on the cochlear partition 30 mm from the stapes. ‘The phase angle is relative 
to the stapedial motion. 


the dashed line as a function of frequency when the stapes was driven 
with constant amplitude. The form of the curve is similar to a resonance 
curve. The solid line in this figure gives measurements of the difference 
in phase angle between the stapes and the point of measurement for the 
various frequencies. As the resonance curve 1$ traversed, the phase 
angle changes from $ = 0 to ¢ = 3r. These facts, taken together, 
clearly indicate that we are not dealing with a simple resonance but with 
traveling waves, whose wavelength ion pea RE the frequency 
inereases, and which pass by the point of measurement. 

The distribution ái amplitude and phase angle along the cochlear 
partition is shown in Fig. 11-58 for four frequencies. Below 50 eps 
the movement of the entire cochlear partition is practically in "co 
whereas above 150 eps a traveling wave can be demonstrated. The 
measurements were carried out. without difficulty and were fully repro- 
ducible in a given cochlea. In different cochleas there were displacements 
of the resonant peak along the partition, displacements that, were always 
associated with equally great displacements of the phase angle. u 

In Fig. 11-58 the movement of the cochlear partition is presen = 
terms of its magnitude and phase. By using the curve for 200 cps, the 
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detailed form of vibration of the partition was caleulated for two different 
instants in time separated by a phase angle of 90°. The two curves 
obtained in this way are shown in Fig. 11-59. The abscissa represents 
the distance from the stapes, while the thin-dashed enclosing curves 
represent the maximum amplitude at each point. If the measured 
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Fra. 11-58. Phase displacement and resonance curves for four low tones. 


values are compared with those caleulated by Ranke, rather good agree- 
ment is found. 

Though the eurve showing the distribution along the cochlear partition 
of the amplitude of vibration for a given frequency is relatively flat in 
form, the phase measurements provided a sharp definition of position, 
especially when the vibrating point was observed as it passed through 
the resting position. Phase measurements therefore are particularly 
suitable for the exact determination of small displacements of the pattern 
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Fig, 11-59. Detail of the form of vibration of the cochlear partition for 200 eps at two 
instants within a cycle. 


of vibration, especially as these usually cannot be determined from the 
pattern of amplitude. For the same reason, however, the phase measure- 
ments were especially disturbed if too great an opening of the cochlear 
canal was made in order to carry out the measurements. Hence, it 
was possible here to work only with extremely small observation windows. 
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The larger the number of waves lying between the stapes and the point 
of measurement, the greater was this error in the measurement of phase. 

Nonlinearity in the Vibration of the Cochlear Partition. It has long 
been known in musical circles that a pure tone of less than 800 cps becomes 
lower in its apparent pitch when the loudness is increased. Measure- 
ments of this phenomenon have recently been carried out by Zurmühl 
and by Stevens. It may be asked whether this change of pitch is pro- 
duced mechanically by a change in vibration of the cochlear partition 
or whether it should be attributed to nervous processes. To answer this 
question the phase difference between the stapes and a point on the 
partition 30 mm from the stapes was measured as the amplitude of 
vibration was varied. For a pure sine wave of 200 cps the relationship 
shown in Fig. 11-60 was obtained, in which the amplitude of vibration 
of the partition is given as the abscissa and the ordinate shows the change 
in phase difference between the stapes and the point of measurement as 
the amplitude is increased. It appears that with increasing amplitude 
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Fic. 11-60. The effect of sound intensity on the position of the response along the 
cochlear partition. The ordinate shows the percentage of change in frequency neces- 
sary to keep the response pattern in one place as the sound amplitude was changed. 
The frequency shift is also expressed as a phase change. 


the phase difference between the stapes and the point of measurement 
steadily decreases; that is, the wavelength becomes larger and the pattern 
of vibration is displaced toward the helicotrema. This corresponds to a 
lowering of the pitch of the tone. In order to obtain a measure of this 
shift in the pattern, the phase change produced by the increase m ampli- 


tude was compensated by raising the frequency until the original phase 
angle between the stapes and the point of measurement had been restored. 
frequency is also shown in Fig. 11-60. 


The necessary percentage change in o 4 { 
These measurements show that with increasing amplitude of vibration 
ic. This increase in the stiffness 


the cochlear partition becomes less elast: ı d 
of the membrane may be demonstrated directly by relating the amplitude 
of vibration of the cochlear partition to the amplitude at the stapes as the 
latter is increased. In order to carry out these measurements properly, 
the effective area of the artificial stapes was chosen so that its excursion 
was approximately as large as the movement of the cochlear ee 
Corresponding pairs of values, obtained with a tone of 200 eps and a point 
of measurement 30 mm from the stapes, gave the curve shown in Fig. 
11-61. As the amplitude is increased, the movement of the basilar 
membrane is clearly not proportional to the movement of the stapes. 
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The measured mechanical changes in the cochlear partition lie in a 
direction that would explain the expected lowering of pitch with an 
increase of loudness. Nevertheless, this appears only with an amplitude 
of vibration above the threshold of feeling in normal hearing. As earlier 
measurements have shown (page 258), the threshold of feeling for 200 eps 
is about 2 X 10° dynes per sq em (140-db sound-pressure level). The 
volume displacement of the stapes corresponding to this sound pressure 
has been shown (page 432) to be 1.4 X 10-5 eu em. The amplitude of 
vibration of the cochlear partition that corresponds to this volume dis- 
placement at 200 eps was caleulated in an earlier series of measurements 

5 (page 455) as 7 X 107^ em. These 
measurements indicate that most of 
the known changes of pitch with 
changes in loudness have their 
origin in neural rather than me- 
chanical processes. 

Release of Tension in the Basilar 
Membrane. One of the more ex- 
cellent investigations in the field 
of hearing is that of Held and 
Kleinknecht in which a hole was 
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Fig. 11-61. Amplitude of vibration of 
the basilar membrane as a function of 
the amplitude of vibration of the stapes, 
measured at a point 30 mm from the 
stapes with a tone of 200 eps. 


drilled through the cochlear capsule 
in the neighborhood of the cochlear 
partition of a living guinea pig in 
such a way that the tension on the 
fibers of the cochlear partition was 


f 1 changed over a small region. This 

mechanical disturbance in a narrow and limited region produced a disturb- 
ance of auditory sensitivity in the form of a tonal gap. It is uncertain 
whether this injury actually altered the vibratory characteristies of the 
cochlear partition in a mechanical way or whether the tonal gap was 
produced by secondary nervous effects of the injury. 

With this method of investigation the mechanical change may be 
produced, as pointed out by Kleinknecht, either because the membrane 
is under increased tension or because it is loosened. An increase in 
tension might arise because the internal pressure forced the spiral ligament 
and basilar membrane out through the hole in the bony wall. Yet this 
internal pressure and its effect cannot be large. In one of the histological 
illustrations a layer of fibers covering the drilled opening shows no bending 
at all, suggesting that the fibers were not pressed into the drilled opening. 
Consider further that, for the production of a demonstrable tonal gap, 
at least a hundredfold change in the auditory threshold is required, and 
this threshold change would require that the tension of the basilar mem- 
brane be increased by the same factor. With the relatively great 
pliability of the membrane, such pressure would necessarily result in 
visible histological displacement. It seems highly improbable that the 
tension of the basilar membrane could be raised to a point at which the 
form of vibration would be changed. 
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The appearance of a tonal gap when the basilar membrane is loosened 
rests on the assumption that the basilar membrane consists of fibers that 
are under tension and whose sensitivity is significantly increased by 
resonance. If the natural frequency of these fibers is changed, any 
increase in sensitivity caused by resonance will be lost. The relative 
flatness of the measured resonance curves indicates that theoretically we 
cannot expect a marked decrease of the amplitude of vibration with the 
release of tension at the affected point. On the contrary, anatomical 
investigations have shown that at the beginning of a tear in the basilar 
membrane the amplitude of vibration becomes larger, rather than smaller, 
because the membrane becomes more pliable. 

Though an inerease in the tension of the basilar membrane can be 
produced only with difficulty it is easy to decrease the tension. For 
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Fra, 11-62. Method of relaxing the tension of the basilar membrane. 


this purpose the experiment of Held and Kleinknecht was repeated. 
After drilling through the cochlear capsule of the guinea pig no change 
in the form of vibration could be observed. In the human ear this 
experiment could be carried to the point, as shown in Fig. 11-62, where 
the bone in the neighborhood of the spiral ligament was bored out for a 
distance of about 0.6 mm; and then, by means of a probe, the basilar 
membrane was not only released from tension but was actually com- 
pressed so that it was bent out sharply to the side. ] 

Careful measurements showed that this bending of the basilar mem- 
brane had not the slightest effect either on the distribution of the ampli- 
tude of vibration or on the distribution of phase as measured with the 
phase stroboseope. This experimental result agrees with the earlier 
observation that the basilar membrane is not under tension but forms an 
unstressed, gelatinous, elastic plate. Since tonal gaps are not produced 
by a mechanical change in the form of vibration of the cochlear partition, 
they must be the result of a disturbance of the nerve fibers or the end 
organs. 
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Mechanical Structure within the Cochlear Partition. After the 
mode of vibration of the cochlear partition had been investigated as a 
whole, the question remained whether all the different membranes 
making up the partition earry out the same movement, or whether they 
show differences because of their varied stiffness. Figure 11-63 shows a 
schematic section through the beginning of the first turn of the human 
cochlea (Held). The triangular cochlear duct is closed above by 
Reissner’s membrane and is bounded below by the spiral ligament, the 
basilar membrane, and the bony portion of the cochlear partition. The 
entire cochlear duct is filled with a thin fluid mass. Of special interest 
are the outer and inner hair cells which are carried on the arches of Corti 
and on which the nerve fibers end. The tips of the hair cells are covered 
by the tectorial membrane. In many illustrations no direct connection 
is shown between the tectorial membrane and the hair cells. In the 
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Fra. 11-63. Cross section of the cochlear partition at a point in the basal turn. 


past, it appeared probable that where the amplitude of vibration is 
greatest the tectorial membrane might come into contact with the hair 
cells and produce in this way the stimulus for hearing. More recent 
histological preparations when carried out carefully have shown that the 
tectorial membrane is attached to the hair cells. This attachment was 
frequently observed in fresh preparations. It was always found on 
dissecting the material that the tectorial membrane adhered to the hair 
cells as it was drawn away and was free of the remainder of the organ of 
Corti only in the region behind the hair cells. 

If Reissner's membrane was removed along the cochlear partition it 
was easily seen with the phase stroboscope that the tectorial membrane, 
the organ of Corti, and the visible part of the basilar membrane vibrated 
completely in phase, so that it is proper to consider the entire cochlear 
partition as a single structure. It must still be decided which of the 
three membranes determines the volume elasticity of the partition. 
There has been much discussion in the medical literature of the relative 
importance, in this connection, of the tectorial membrane and the basilar 
membrane. 

Because of the extraordinarily small size, softness, and largely inac- 
cessible location of the various tissues it appeared to be most practical 
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to investigate their elastie properties by means of the fine hairs used to 
measure sensitivity to touch. 

For this purpose a piece of hair 3 to 10 mm long and as straight as 
possible was fastened at one end to a small stick. If the end of such a 
hair is pressed perpendicularly against a surface, the pressure on the 
surface increases until the resistance to bending of the piece of hair is 
overcome. Pressing further does not result in any further increase in 
the pressure exerted. In this way a known maximum pressure can be 
produced which can be ehanged by altering the length and diameter of 
the hair. This maximum pressure is easily measured with a balance, 
preferably a spring balance. With the effective pressure on the surface 
determined in this way, the depth of the depression made by a given 
hair was determined microscopically. The depth of the depression 
divided by the pressure serves as a measure of the elasticity of the surface 
in question. This may readily be 
reduced to the modulus of elasticity 
by measuring in the same way 
a homogeneous material with a 
known modulus. 

By the use of this method, the 
depth of impression made in 
Reissner's membrane was measured 
along the entire cochlear partition. 


THE PATTERN OF VIBRATIONS IN THE COCHLEA 


2 
In each of Figs. 11-64 to 11-66 the dM 
upper portion shows a schematic $ 
cross section of the cochlear parti- &10? 
tion of man at positions 30, 20, and § 
10 mm from the stapes. Thelower 240-4 
part of each figure presents the § 
depth of impression, expressed in os 


centimeters per dyne, for the posi- 
tions across the membranes corre- 
sponding to the section shown 
immediately above. In each figure 
the measurements of Reissner’s 
membrane are represented by the 
thin continuous line R. A com- 
parison of the three figures shows 


that Reissner's membrane has the same elast 


length. 


If Reissner's membrane was removed an 
cochlear duct was washed away, the elastic 
membrane could be investigated in the 


: £ i der water i 
he na prier he values obtained for the tectorial 


by the dotted lines. The stiffness of 


the effects of capillary forces. T 
membrane are shown in the figure 


this membrane is not great and increases 
hood of the stapes. This membrane 18 no 


~— Distance across cochlea ——> 
Fra. 11-64. Elastic properties of cochlear 
structures at a point 30 mm from the 
stapes. C, organ of Corti; dotted line, 
tectorial membrane; R, Reissner's mem- 


brane; dashed line, basilar membrane. 
Above the graph is a schematie outline of 
the structures. 


icity throughout its entire 


d the material within the 
properties of the tectorial 
same manner. ‘These measure- 
to avoid the effects of drying and 


slightly only in the neighbor- 
teworthy for the ease with 
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which it may be moved in a direction perpendicular to the basilar mem- 
brane. Together with its supporting structure it represents essentially 
a flat, delicate, thin-walled tube filled with fluid and which can be 
rotated about the side that consists of the bony shelf of the cochlear 
partition. The decrease in elasticity at the end near the stapes is a 
result principally of its narrow breadth, which reduces the lever arm and 
supports the entire membrane more firmly from below. 

The values for the organ of Corti (including the hair cells), shown in the 
figures by the heavier continuous line C, indicate no dependence whatso- 
ever on their location. On the other hand, it ean be seen from the heavy 
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Fra. 11-65. Measurements on elasticity Fic. 11-66. Measurements on elasticity 
as in the preceding figure, for a position as in Fig. 11-64, for a position 10 mm 
20 mm from the stapes. from the stapes. 


dashed lines in the figures that there are marked differences in the 
stiffness of the basilar membrane from one position to another. These 
changes in the basilar membrane produce a continuous change in the 
volume elasticity along the cochlear partition. The measurements 
show that it is not the tectorial membrane (Hardesty) but, as Hensen (1) 
and Helmholtz (1) have argued, the basilar membrane that determines 
the movement of the cochlear partition and the location of the point of 
maximum vibration. 

When the shape of the depression in the surface produced by the test 
hair was examined, all of the surfaces investigated showed a circular 
depression except the tectorial membrane. This membrane, as seen in 
Fig. 11-67, presents a much-elongated hollow. It exhibits a different 
elasticity in the transverse direction than it does lengthwise. In the 
latter direction it possesses a substantial stiffness. This condition may 
be recognized also from the fact that upon tearing it away from its 
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attachment a considerable length comes off, whereas the other membranes 
may be removed in small sections. It may be assumed that this longi- 
tudinal stiffness of the tectorial membrane produces a pressure drop 
along the cochlear canal, the distribution of which favors a frequency 
analysis. 

From the measurements of Figs. 11-64 to 11-66 it is seen that the two 
other layers of cells with constant structure are superimposed upon the 
basilar membrane with its changing elasticity. This view is supported 
by an inspection of the end of the cochlear partition at the helicotrema, 
as shown schematically in Fig. 11-68. Set out on the flat basilar mem- 
brane that stretches between the bony walls, the tectorial membrane 


and the organ of Corti are like two parallel pads which at their ends clearly 
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Heavy pressure 
Fic. 11-67. Depressions of the tectorial Fre. 11-68. The end of the cochlear par- 
membrane produced by test hairs, seen tition at the helicotrema. 

from above. 


stop short of the end of the basilar membrane. At the end of the cochlear 
partition it is the tectorial membrane that stops first, followed by the 
organ of Corti and finally by the basilar membrane. 


ELASTICITY OF THE COCHLEAR PARTITION* 


As can be seen in Fig. 11-69, the cochlea consists of a tube of roughly 
circular eross section buried in the hard, petrous portion of the temporal 
bone. This tube is divided throughout its length into the seala tympani 
and scala vestibuli by a wall, the cochlear partition. The Pe is 
made up of bone on the edge toward the axis of the cochlea. It ecomes 
more elastie toward the outside of the cochlea and thins out finally into 
the basilar membrane. Seated astride the partition 1s the organ of 
Corti, in which the fibers of the auditory nerve terminate after ved 
by way of the cochlear axis and piercing the bony wall of cv coc M 
canal. The auditory end organ, the organ of Corti, is actually located in 


the cochlear duct, which forms in effect a triangular enlargement of the 


cochlear partition. The cochlear duct is bounded on the one side sd e 
basilar membrane, and on the other side its viscous contents are contain: 


* Article 39 as listed in the Author's Bibliography. Published in 1941. 
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by the thin Reissner's membrane. Both the basilar membrane and 
Reissner's membrane are supported by the fibrous tissue of the spiral 
ligament on the outer wall of the cochlea. 

The canals of the cochlea are filled with fluid. The oscillatory move- 
ments of the footplate of the stapes are transmitted to the fluid in the 
scala vestibuli and then by way of Reissner's membrane to the basilar 
membrane and its associated nerve endings. The displacement is 
equalized by way of the scala tympani, which leads back to the middle 
ear, from which it is closed off by the membrane of the round window. 
The cochlear partition ends short of the apex of the cochlea, leaving an 
opening between the two sealae through which any static difference in 
pressure on the two sides of the partition can be equalized. 
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Fig. 11-69. Preparation of a human temporal bone for measuring the tension of 
cochlear structures. 


The cochlea of man and other mammals was discovered in 1561.* The 
phenomenon of the sympathetic resonance of two strings in tune with 
each other was first observed in the middle of the seventeenth century 
in the forerunners of the modern pianoforte, although in ancient times 
resonance could probably have been observed in harps. Du Verney, 
in 1683, was the first to propose resonance as the basis of perception of 
sound. At that time the bony region of the cochlear partition was 
thought to be the resonator. Because this bony spiral gradually narrows 
toward the apex of the cochlea, it was assumed that vibrations of high 
frequency produced sympathetic vibration at the apex. 

„Because changes of pressure in the cochlear duet would produce 
vibrations of greater amplitude in the more flexible region of the partition 
than in the bony region, it seemed logical to locate sound perceptions in 
the more flexible part. Cotugno first advanced this notion in 1760. 
And because the more flexible section widens progressively toward the 
cochlear apex, it followed that the deeper tones should be localized at 
the apex, a localization that has now been confirmed experimentally. 
Hensen in 1863 advocated the view that, among the membranous 


* For a more detailed account, see Held, and also Schäfer and Giesswein. 
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structures of the partition, the basilar membrane was the one under 
greatest tension so that it must be the site of the resonance. 

'The diffieulty of conceiving that sharply localized vibrations, such as 
those of piano strings, might occur in a membrane led Helmholtz (1) to 
investigate the conditions under which such vibration is possible. His 
calculations showed that if in a long, narrow membrane the transverse 
tension is significantly greater than the longitudinal tension, a uniformly 
applied pressure will set only a narrowly limited transverse strip into 
vibration not unlike that of a piano string. According to Ohm's law, 
the perception of a complex sound depends upon its analysis into single 
tones and is entirely independent of the phase relations of these com- 
ponents (Helmholtz, 1; Ohm). Such a result could only be explained in 
terms of sympathetic resonance, and the picture of the basilar membrane 
as a system under transverse tension seemed assured. Further theoretical 
work entirely neglected the possibility of longitudinal tension until the 
work of Ranke in 1931. 

Tension Ratios of the Cochlear Partition. The simple notion of 
resonance in the basilar membrane, which likens it to the resonance of 
piano strings, assumes that the longitudinal tension of the membrane is 
negligible. By determining the ratio between longitudinal and transverse 
tensions, therefore, it is possible to discover whether this simple notion is 
admissible, or whether the actual course of events is more complicated. 

The ratio between longitudinal and transverse tensions may readily be 
determined. If a rubber membrane is stretched uniformly in all direc- 
tions and a needle is pressed upon it at right angles to the surface, the 
resulting deformation is circular. If on the other hand the membrane 
is under greater tension in one direction than the one perpendicular 
to this, the deformation is elliptical. Directional symmetry is easily 
demonstrated in this manner in membranes and other elastic materials. 

To carry out this experiment on the basilar membrane, the scala 
tympani was carefully laid open by drilling, as shown in Fig. 11-69, so 
that the cochlear partition became visible. Under illumination, the 
bony section appeared white and was clearly visible. Next to it was an 
elastic zone (the spiral limbus), which appeared gray and exhibited 
clearly visible radial fibers. The basilar membrane itself was usually 
visible only because of the fine bone dust that fell on it during the drilling. 

To avoid tearing the basilar membrane by an involuntary movement 
while the needle was touching it, thin glass threads 0.01 to 0.1 mm thick 
were prepared. The length of the threads was adjusted so that when the 
thread was tested by pressing down on a balance, the bending point was 
reached at either 40 or 200 mg. It is characteristic of such threads that 
once the thread is bent a further movement of the handle produces no 
greater pressure on the tip. The free end of the glass thread was melted 
down judiciously to a minute ball in order to distribute the pressure more 
uniformly. In preliminary experiments, hairs of the head were a good 
substitute for glass threads, as their bending point could be adjusted 
easily by cutting them shorter. They were chosen from 7 to 40 mm in 
length and were cemented to a handle that was as light as possible. 
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The observations performed with these hairs showed that near the 
cochlear apex where the basilar membrane is broad the area of 
deformation was perfectly circular, as indicated in Fig. 11-70, even 
when the pressure was not exerted at the center of the membrane. 
Near the stapes the deformed area was an ellipse with its longer axis 
running longitudinal to the membrane. The ratio of the two axes was 
1:2 at most. Very thin glass 
threads had to be used here, so that 
the deformed area would be small 
compared to the width of the mem- 
brane. A microscopic enlargement 
of about thirty times was used. 

It follows that, in any case, the 
most flexible part of the cochlear 
partition displays essentially the 
same elastic properties in the longi- 
tudinal and transverse directions. 
This independence of direction in 
the elastic properties of the basilar 
membrane depends in part on the 
Fra. 11-70. Impressions produced by existence, in addition to the radial 
exerting pressure on a uniformly fibers, of a layer lying upon the 
stretched membrane, upper drawing. basilar membrane (the tympanic 
The basilar membrane in the region of lamella) wh fib rj 
the apex responds in a manner as shown 3 He) ers extend longi 
in the lower drawing. tudinally along the membrane. As 

p 4 Roux has demonstrated, such sets of 
fibers at right angles to each other are of frequent occurrence in tissues, 
as, for example, in the eardrum. 

If the hair probe was used not on the basilar membrane but on the 
spiral limbus then a considerable length of this zone, up to one-eighth 
of a turn, was always displaced simultaneously. At the same time, the 
basilar membrane was displaced over the same distance. The spiral 
limbus therefore possesses considerable rigidity in the longitudinal direc- 
tion. Figure 11-70 shows in the upper sketch the deformation produced 
when a rod is pushed into a stretched membrane under uniform tension. 
The displacement of the membrane increases sharply near the point of 
application of the pressure. Nothing of the kind was observed in the 
basilar membrane, where the deformed area was much the same as that 
produced when a pencil point is pressed into the skin. 

The basilar membrane therefore does not seem to act as a membrane 
under tension. A large part of its elasticity when deformed arises in 
some other way. The question is whether the basilar membrane at 
rest exhibits any tension at all. 

In the first place, the view that the transverse fibers of the basilar 
membrane are especially well developed cannot be substantiated. For 
if the membrane is dissected under the microscope, it turns out to be 
loose as compared, for example, with the fibers of the auditory nerve. 
In the second place, any great tension on the basilar membrane is improb- 
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able for the following reason. It was repeatedly observed during the 
preparation of specimens that, as the bony wall of the cochlear duct 
was ground away, there first appeared a thin lining membrane that was 
firmly attached to the spiral ligament. This membrane and the spiral 
ligament could easily be loosened from the wall of the bone, so that 
finally a large seetion of the cochlear canal, perfectly transparent, stood 
up supported only by the lining membrane. Third, when a slit is cut in 
any elastie material or tissue which is under tension, the cut edges gape 
apart in a lens-shaped opening. But when fine cuts were made in the 
basilar membrane, transversely or longitudinally, the cut surfaces could 
not be observed to draw apart. 

These observations indicate that the basilar membrane is not under 
tension and that it can best be likened to a gelatinous sheet covered by 
a thin, homogeneous layer of fibers. The complete lack of tension in 
the cochlea would appear to be important physiologically, inasmuch as 
the internal structure of the cochlea may, as à consequence, be treated 
as analogous to the other parts of the labyrinth where the tissues have 
always been regarded as free from tension when there was no effective 
external stimulation. 

It is pertinent to recall in this context those phenomena which indicate 
what role is played in hearing by steady or gradually changing pressure 
in addition to the usual alternating pressure of sounds (page 420). If 
it were true that the membrane was already under strong tension, the 
slightest change in tension would immediately produce a marked dis- 
turbance. In the tension-free cochlea, on the other hand, steady 
tensions and lasting deformations are, in fact, produced only by sound 
stimulation. Had early thinking about the physiology of hearing not 
started with the notion of a vibrating piano string, the basilar membrane 
might never have been regarded as under lasting tension. 

The essential physical characteristic for the displacement of fluid in 
the cochlea is that, under a given pressure change in one half of the 
cochlea, a certain volume of liquid per millimeter of length of the basilar 
membrane is forced into the other half, and this volume depends princi- 
pally on the rigidity of the intervening partition. The necessary rigidity 
can be achieved not only by the tension of the elastic layer but equally 
well by an increase in thickness. Furthermore, the amplitude of defor- 
mation A of an elastic sheet can also be altered sharply by a change in its 
width b, for if p is the liquid pressure exerted uniformly on the sheet, h 
the thickness of the oblong sheet, and £ the coefficient of elasticity, then, 
according to Hütte, A = 0.028pb*/Eh’. Thus the variations in width 
alone of the basilar membrane from cochlear apex to stapes would be 
enough to achieve the variation in rigidity of the membrane necessary 
for a frequency analysis. : 

Static Elasticity of the Cochlear Partition. After it had been shown 
that the elastic properties of the basilar membrane are closely similar in 
the longitudinal and transverse directions, the next step was to determine 
numerically what the elasticity is. Although many theoretical discus- 
sions have assumed an increase in flexibility as the apex is approached, 
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it has not been determined, so far as the author is aware, that the elasticity 
is à funetion of locus. The flexibility at one position was measured by 
Berendes. He investigated how far a rod would sink into the center of 
the basilar membrane as a function of pressure applied to it. These 
measurements involved some difficulty in that the basilar membrane 
is not taut, but rather is a mass with gelatinous layers of various kinds. 
When a rod is pushed into the membrane, therefore, it first sinks into the 
gelatinous mass, and only under further pressure does it cause deflection 
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Air pressure 
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Fie, 11-71. Method of measuring the static elasticity of the cochlear partition. 


of the membrane as a whole. Thus any proportionality between pressure 
and depth of sinking is lost. 

Because of the gelatinous surface of parts of the partition, it seemed 
appropriate to explore the displacement of the partition under the same 
conditions as obtain in reality, that is to say, under pressure distributed 
uniformly over the membrane. To this end, the middle ear was sawed 
in two in a direction perpendicular to the cochlear axis (whose direction 
was inferred from the course of the auditory nerve), so that both cochlear 
windows were exposed. The layers of membrane surrounding the round 
window were carefully removed, and the membrane of the round window 
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itself was pierced with a pointed drill. As indicated in Fig. 11-71, a small 
brass ring equipped with a wire loop was set over the round window. The 
loop could be bent so that the ring fitted nicely on the rim of the window. 
The ring was hermetically sealed to the rim by zine oxyphosphate 
cement. The bone was then submerged in water, and the cochlear apex 
was opened. It was easy to do this when working from the middle ear, 
for the position of the helicotrema in relation to the exterior of the bone 
could be determined from the position of the stapes. Furthermore, as 
the bony wall is thin here, the inner spiral became visible after a little 
drilling with a fine burr. It is not difficult to avoid injuring Reissner’s 
membrane when opening the cochlea at this place. After the opening 
had been made the helicotrema was closed with a warm mixture of agar 
and gelatin,* so that a pressure difference could be established between 
the two sides of the partition. 

Because Reissner’s membrane is difficult to see, especially under strong 
magnification, a drop of liquid containing very fine silver crystals was 
dropped on the prepared spot by means of a glass rod (Schmiescheck). 
If the crystals were of the right size, they sank down upon Reissner’s 
membrane. 

When the observations at the apex were concluded, the rubber tube 
was carefully released from the ring at the round window. Then a slit 
was made farther along the cochlear 
lumen, the partition was drilled through 
at this point, and the scala tympani 
was closed again with agar and gelatin. — / 

Because the bony cochlear axis ean be 

moved with relative ease, especially in 

its upper part, considerable care had to 

be taken to avoid lateral pressure on A 
the axis, as the whole spiral would then 

be distorted. 

When pressure was applied, a move- 
ment could be observed along the whole 
cochlea all the way to the stapes. á 
This movement was not just in the 
basilar membrane, which was dimly 
visible through Reissner's membrane, Fie. 11-72. Nature of deformation of 
but in the partition as a whole (see Fig. the cochlear structures when the 
11-72). The partition bent like an stapes was moved inward. 
elastic rod that was free at one end and h 
fixed at the other. An especially striking phenomenon, which could 
elearly be established, was that the lower extension of Reissner's mem- 
brane moved with almost maximal amplitude. R 

It was further established that the gelatinous mass ın the cochlear 
duct, inereased the rigidity of the partition, especially near the helico- 
trema. Forif Reissner's membrane and the gelatinous mass were pushed 


* The mixture consisted of 6 parts of agar, 4.5 parts of gelatin, and 30 parts of water, 
by weight. 
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aside (as with a fine brush), the displacement of the basilar membrane 
at the apex was almost doubled. 

The elasticity of the partition is relatively unaffected by other than 
mechanical factors. Thus, the substitution of tap water for the saline 
solution in dissection made no apparent difference. Also, when a 
petrous bone had been kept for two weeks in Lysol solution, the elasticity 
of its cochlear partition did not differ from that of an entirely fresh 
specimen. 

The applied pressures were chosen to give a maximum displacement 
at the affected spot of about 0.01 mm. The shape of the area displaced 
for each pressure was sketched with the aid of a camera lucida, and its 
surface was measured. In this way the volume displacement was calcu- 
lated for a length of the cochlear duct of 1 mm under an excess pressure 
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Fio. 11-73. Volume displacement per millimeter of the cochlear duct (left-hand ordi- 
nate) and maximum displacement of the cochlear partition (right-hand ordinate) for a 
pressure of 1 em of water. 


of 1 em of water. T he volume displacements obtained along the duct are 
indicated in Fig. 11-73, in which the abscissa represents the distance of 
the measured point from the stapes. As is evident, the elasticity 
increases a hundredfold from the stapes to the helicotrema. 

Since along the duct there are only slight changes in the dimensions of 
Reissner’s membrane and in the form of its displacement under pressure, 
it follows that the maximum displacement is approximately proportional 
to the volume displacement. Therefore, by using the right-hand scale 
of Fig. 11-73, we can find the maximum displacement of the partition 
for a pressure of 1 em of water. 

Form of Displacement of the Cochlear Partition and Its Relation to the 
Strength of Audible Undertones. It is a striking phenomenon that a 
pure tone will generate relatively strong overtones in the ear while no 
undertones are audible. For example, if we listen to a pure tone of 
600 cps, we find no evidence of undertones in the region from 200 to 
500 cps even with the aid of a beating test tone and in the absence of 
significant masking of a lower tone by a higher one. 
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The existence of such undertones is to be expected on theoretical 
grounds. If the cochlear partition consists of a membrane that is set into 
vibration by the pressure changes in the column of fluid above it, it is 
inevitable that any given strip across the membrane should finally divide 
into several loops and intermediate nodes when the driving stimulus is 
made sufficiently great. Correspondingly, with the stapes driven at a 
given frequency there should be not one but several loci of maximum 
displacement, the resonant strip closest to the stapes vibrating in its 
fundamental mode and the more remote points vibrating in upper partials. 
Such multiple peaks would disturb seriously the mechanical analysis 
of sound by the cochlea. It is fortunate that the section responding at 
its fundamental frequency is located nearest to the stapes. Thus, most 
of the movement of fluid produced by the stapes has been equalized before 
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a spot is reached that, if stimulated, would give rise to an undertone. In 
any case, the important factor in the suppression of undertones is that the 
locus corresponding to the undertone should be as far along the cochlear 
duct as possible from the locus of the fundamental tone. 

It is well known that the normal frequencies of vibration of different 
mechanical systems do not show the same distributions. It is impor- 
tant, therefore, to see whether the form of vibration of the cochlear parti- 
tion suggests a mechanical system having favorable properties in this 
connection. A 

On observing the cross section in Fig. 11-72, we see that the deflection 
of the partition closely resembles that of a bar fixed at one end and whose 
free end becomes a membrane completing the partition. This type of 
motion is clearly developed, especially in the turns near the stapes. Now 
if we consider the normal frequencies exhibited by various vibratory 
systems expressed as multiples of the fundamental frequency (see Fig. 
11-74), it is apparent that, in the case of a bar fixed at one end, the higher 
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partials are in faet the farthest removed from the fundamental tone. In 
the cochlear partition the rigidity decreases toward the movable end 
(of a cross section), for the partition changes from a bony structure into 
a membrane. This structure, which resembles a bar with one end free 
and tapering, has characteristic frequencies that are even farther apart 
than those of a homogeneous bar (Hort and Thoma). 

Measurements of Mechanical Impedance for Small Vibratory Systems. 
Still another method was used for measuring the elasticity of a membrane 
that was undergoing extremely small vibrations. The essence of the 
method lay in using the membrane to close the end of a tube that was 
transmitting sound. The impedance was determined from the sound 
pressure at the end of the tube and the volume displacements of the 
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Fia. 11-75. Two methods of measuring the volume displacements of a membrane. 


membrane. Two ways of measuring these volume displacements are 
shown in Fig. 11-75. In the first method, a known small volume V is 
closed off on one side of the membrane, and the microphone M ; indicates 
the pressure changes ps arising in volume V as a result of the small 
volume displacements AV of the membrane. Thus, for the impedance, 
AV/p = n(V/pc?) (ps/p1), when p is the air density, c the speed of sound 
in air, and p; the sound pressure at the end of the tube as measured with 
the condenser microphone Mı. This method presupposes that the elas- 
ticity of volume V is much greater than that of the membrane so that it 
does not decrease the vibrations of the latter. If the two microphones 
Mı and M; are unequally sensitive so that, when they are attached to a 
short T tube, microphone M; gives an alternating potential n times that 
of M», then the impedance must be multiplied by n. 

In general, the free ear can perceive smaller sound pressures than can 
be measured with a condenser microphone, because of the limitations of 
thermal noise. "Therefore a second method was used for especially small 
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volume displacements. In this method, the volume displacement AV 
of the membrane under a sound pressure p was compensated by the 
volume displacement of the small diaphragm of a telephone receiver. 
Given a current 7, to the receiver, if its volume displacement AV; equals 
that of the membrane and if the phase is adjusted correctly, nothing can 
be heard. When the receiver is coupled, by way of a volume V;, with 
the condenser microphone which measures pressure at the end of the 


Fra, 11-76. Equipment for measuring the dynamie elasticity of the cochlear partition. 


tube, and its current J» is adjusted to produce the same sound pressure, 
the impedance of the membrane can be calculated by the formula, 
avis Pit (11-1) 


p pl 


In this way, the impedance is determined by means of à measurement 
of volume and the receiver current, which is easily adjustable over a wide 
range by means of a calibrated attenuator. It is necessary, of course, 
that the receiver diaphragm have sufficient acoustic stiffness so that its 
amplitude of vibration will not change when it is coupled with the volume 
Vi. This can be ascertained either by listening from the other side of 
the membrane or by touching the case of the receiver with a wooden 
stick held between the teeth. 

Figure 11-76 shows the complete assembly of the apparatus. The 
oscillator fed into two calibrated attenuators, of which the upper one 
Was coupled to the telephone receiver by way of à shielded transformer 
and another calibrated attenuator. (Because current ratios up to 10° 
had to be measured, thorough shielding was necessary.) The lower 
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calibrated attenuator was connected to the loudspeaker by way of a 
phase-shifting network. To determine in Eq. (11-1) the reactive com- 
ponent of the membrane impedance as well, a cathode-ray oscillograph 
was used. The oscillator potential was applied across one pair of oscillo- 
graphic plates, while the microphone potential, measuring the sound 
pressure at the end of the tube from the loudspeaker, was applied to the 
other pair of plates after the acoustic balance had been obtained. The 
phase could then be determined from the form of the resulting ellipse. 
The rubber tube leading to the ear had a small capillary opening on the 
side, so that no static pressure was exerted on the membrane under test 
when the listening tube was inserted into the ear. 

To measure the impedance, an adjustment was made of the compensa- 
tion by ear, the phase was read, and the calibrated attenuator was 
attached to the telephone receiver. Then the receiver was coupled 
directly to the mierophone, and the attenuator was adjusted until the 
microphone exhibited the same sound pressure. The difference between 
the two settings of the attenuator and between the phases gave the ratio 
I/I. 

This method was used to make control measurements of the impedance 
of the cochlear partition. For these measurements the cochlea was 
opened in one place on both sides of the partition, with the apparatus 
shown in Fig. 3-8, page 28. After the specimen had been taken out of 
the water, the partition, except for a section of about 3 mm, was covered 
up to the bone with zine oxyphosphate cement. The whole section of 
petrous bone was then cemented to a large block of lead in such a way that 
the movable part of the membrane was joined to the listening tube with 
an airtight seal. Sound was fed to the underside of the bone through a 
rubber tube, the end of which was cemented to the bone in the same 
way. 

The values of impedance obtained were somewhat smaller than those 
from static measurements, probably because the mobility of the partition 
is somewhat less when a part of it is covered with cement in this way than 
under normal conditions when it can vibrate freely along its entire 
length rather than only over a section 3 mm long. 


DIRECT OBSERVATION OF THE VIBRATIONS OF THE 
COCHLEAR PARTITION* 


A number of the results reported in this chapter were obtained by 
direct microscopic observation of the vibrations of the cochlear partition. 
From time to time, three sorts of criticism of this method have been 
brought forward. These criticisms are (1) that the amplitude of vibra- 
tion of the cochlear partition would have to be much larger than normal 
to permit observation under a microscope, (2) that observations on dead 
tissues are different from those on living tissues because the mechanical 
properties change immediately after death, and (3) that the opening in 
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the bony wall of the cochlea alters the pattern of vibration within the 


cochlea. These points will now be considered in detail. 

Maximal Amplitude of Vibration in the Cochlea. Experiments carried 
out on models have made it clear that simply by altering the stiffness of 
the cochlear partition it may be made to vibrate in various ways, and so 


may be made to lend support to Ewald’s standing-wave theory, to 
Helmholtz’s resonance theory, to the so-called telephone theory, or to 
various revisions of these theories. There are two ways of deciding 
among these theories. One is to measure the stiffness of the cochlear 
partition at various points along the cochlea and to observe the pattern 
of vibration on a model of the cochlea that has been made to have the 
same properties. The second way is to observe the pattern of vibration 
directly in the cochlea of a human specimen. These two methods give 
exactly the same results. 

When the traveling waves along the cochlear partition were first 
observed, there was little concern with the amplitude of the movements. 
The stimulus intensity was increased until the traveling waves became 
visible. It was possible to show, however, that a decrease of the stimulus 
to half its magnitude did not alter the pattern of vibration. The cochlea 
therefore is a linear system. There is no reason to suppose that in such 
a system the pattern of vibration for very small amplitudes would be 
any different from that observed (page 464). 

A study of histological preparations of the ear has shown that intense 
sounds destroy the cell structures inside the cochlear partition, but the 
destroyed structures are practically always those lying on the basilar 
membrane. Measurements made with test hairs showed that the cells 
are so soft that they do not seriously affect the pattern of vibration of 
the cochlear partition as a whole. 

Observations show that an inerease of sound pressure on the eardrum 
ultimately produces a sensation of pain. If the pressure is increased 
further the pain increases, but the tonal quality does not change. There- 
fore it must be assumed that sound pressures near the threshold of pain 
and even a little above it are still normal physiological stimuli. The 
sound pressure at the pain threshold is of the order of 3 X 10? dynes per 
sq em (page 258). At this pressure the amplitude of vibration of the 
basilar membrane is about 3 X 10-? mm for tones between 300 and 
1500 eps (page 173). With a microscope with a magnification of 140 
times (objective seven times and ocular twenty times) the amplitude of 
vibration becomes 0.4 mm. The sound pressure and amplitude as given 
are rms values, but in a microscope the extreme positive and negative 
positions of the movement are seen, and so the visible vibration is larger 
by 2 4/2. Hence the small silver erystals deposited on the cochlear 
partition are magnified to lines about 1 mm in length, which is sufficient 
for observation. In the frequency range from 2000 to 3000 eps the maxi- 
mal physiological amplitude is about five times larger. There was no 
need to raise the amplitude above a value that can be tolerated by a 
normal person, and the measurements were made at that level. The 
petiod of observation was always kept as short as possible. In general, 
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one second was long enough for measurements of the amplitudes of the 
small silver crystals. 

For most of the measurements the stapes was replaced by an artificial 
stapes. The reason was that the normal stapes rotates about an axis 
running through its posterior edge, as shown in a of Fig. 11-77, because 
its ligament here is much stiffer than elsewhere. If the middle ear is 
cleaned out and only the stapes is retained, the stapes can be driven with 
a vibrating rod attached to a tuning fork or an electromagnetic system. 
Such a rod vibrates in the direction of its own axis. If the head of the 
stapes is cemented to the rod the stapes also must perform pistonlike 
movements. It is no longer able to rotate about its normal axis, and its 
movement is unphysiologieal. Under these conditions, sounds producing 
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Fra. 11-77. The action of the stapes under normal conditions and when driven by a 
vibrator. s 


volume displacements that are still of the order of those normally pro- 
duced at the threshold of pain can exert an abnormally great force on the 
posterior end of the stapes. The ligament may be torn here and the 
stapes pulled away. This injury results because the direction of the 
forced vibrations is abnormal, and not because the level of the stimula- 
tion is excessive. This accident can be avoided by the use of an artificial 
piston that produces the same volume displacements as the normal 
action of the stapes, and the effects on the basilar membrane are the 
same. 

Postmortal Changes in the Elastic Properties of Tissues. Most of the 
purely mechanical measurements that may be carried out on the inner 
ear are greatly simplified if the ear can be removed from the animal’s 
head and brought into a convenient position. With the compensation 
technique it is possible to make precise measurements of impedance and 
to determine the changes of elastic properties in the tissues. In the 
early experiments on human cadavers it was found that the eardrum is 
one of the most labile tissues of the ear. After death it immediately 
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starts to dry out and to increase in stiffness. This change can be pre- 
vented by keeping the preparation in a humid atmosphere. When this 
precaution was taken the average of a group of impedance measurements 
showed no significant difference from that obtained on living persons. 

Disintegration after death continues for many hours, and hence 
impedance changes will take place over a long period. In fresh human 
preparations the tensor tendons were severed, and the impedance of the 
eardrum was measured over a period of 4 hr. The change was less than 
l per cent. Similar experiments were carried out on fresh preparations 
of calves, which could be made ready for measurements about half an 
hour after the animal was killed. Over a period of 4 hr it was not possible 
to detect any change in the position of maximum amplitude of the cochlear 
partition. "This position would have changed if there were an altera- 
tion of stiffness of the basilar membrane. 

Nevertheless it is obvious that death brings about changes in the 
cochlear partition. When the cochlear partition of a living guinea pig was 
observed through a small hole in the bony wall of the cochlea and the 
guinea pig was then killed by having it breathe pure nitrogen, there 
were changes in the tissues within 15 min after death. The cells of 
Hensen and the cells of Claudius became opaque and altered in shape. 
At the same time there was a decrease in the microphonie potentials. 
In fact, with experience it is possible to judge the magnitude of the 
mierophonies by looking at the cells. However, these cells are soft in 
comparison with the ligamentary tissue of the basilar membrane (page 
407), and these tissues do not show any changes. 

The cochlear partition is about one hundred times stiffer near the 
stapes than near the helicotrema. This relation holds for man as well as 
for all the animals investigated, including pigeons, mice, and elephants 
(page 510). It is this variation in stiffness along the cochlear partition 
that determines the type of traveling wave. The change in stiffness 
from one end of the cochlea to the other is so great that a moderate 
alteration in stiffness in one region would have little effect, on the pattern 
of vibration. 

Effect of an Opening in the Cochlear Wall. It seems obvious that a 
hole in the wall of the cochlea must affect the pattern of vibration along 
the partition, Many of the early experiments were carried out with a 
small glass window sealed over the opening in the bony wall. It was 
found that if the whole preparation was immersed in fluid the glass win- 
dow could be removed without any significant effect upon the pattern. 
If there was no fluid above the hole the pattern was altered. A thorough 
study of a model of the cochlea (page 437) made it clear that the pattern 
was not changed if the height of the cochlear duct was increased, but it 
was changed if this height was reduced below the normal value. A hole 
in the bony wall had the effect of an increase in the height if the hole was 
covered with fluid. 

From the physical point of view this paradox ean best be understood 
by use of the concept of radiant mass for the cochlear partition as sug- 
gested by Fletcher (6). 
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If a hole is drilled in the scala vestibuli, where the fluid movements are 
generated, the amplitude of the vibrations observed on the basilar mem- 
brane may be considerably reduced, but the pattern of the vibration is 
unchanged. Lowy (2) described an experiment with animals showing 
that the fluid in the immediate vieinity of the cochlear partition 
determines the pattern of vibration. 


CHAPTER 12 


WAVE MOTION IN THE COCHLEA 


MECHANICAL PROPERTIES OF THE ORGAN OF CORTI* 


It is not difficult to understand why at an earlier time a simple deflec- 
tion of the basilar membrane was considered to be the stimulus for the 
auditory nerve fibers in spite of the fact that differentiation in the inner 
and outer hair cells was known to occur. Then Ranke (2) pointed out 
the necessity of a duplexity theory of hearing, de Maré arrived at a 
similar conclusion from fatigue effects, and E. Bárány (2) wrote a review 
emphasizing the faet that there must be several stimuli acting on the 
cochlear nerve fibers. Stroboscopic illumination of the organ of Corti 
during stimulation with a pure tone reveals several varieties of vibrations, 
all of which ehange their patterns along the basilar membrane with 
frequeney. Any one of these types of vibrations and displacements could 
act as a stimulus. 

'T'o understand fully the process of hearing it would be necessary to 
trace each of these types of mechanieal vibrations, to discover the 
corresponding potentials produced in the tissues and nerves, and to study 
their interactions through inhibition and facilitation. This seems to be 
a difficult task. For the lateral line of fishes, however, Dijkgraaf was 
able to show that some of the mechanical stimuli produced by the move- 
ments of the fluid surrounding the fish are ineffective and that there are 
more types of electrophysiological potentials in the tissues than there are 
forms of behavioral responses. In mammals the depth of anesthesia 
changes the reciprocal inhibition of the nervous system, hence research 
in this field is extremely difficult. For every level of anesthesia we shall 
probably have a different hearing theory. 

In the following an attempt is made to describe the different types of 
vibrations of the organ of Corti during exposure to a pure tone. Each 
may serve as a mechanical stimulus. 

Evolution of the Cochlea. In the evolution of the cochlea there has 
been a great increase in the length of the basilar membrane. This is 
shown in a sketchy way in Fig. 12-1 in drawings taken from Hasse. In 
spite of a marked change in the size of the basilar membrane, there has 
been practically no change in the shape and size of the vestibular organ. 

The finer development of the internal structure of the organ of Corti 
is shown in the series of cross sections of Fig. 12-2. If we go along the 
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line from bird, alligator, and duckbill to man, we can see that each has a 
basilar membrane, a tectorial membrane, and a Reissner’s membrane. 
The first two structures seem to be important for the transmission of the 
mechanical stimulus, and Reissner’s membrane serves for electrical and 
chemical insulation of the organ. On the other hand, the hair cells go 
through a continuous and systematic change. In the bird the hair cells 
lie in one continuous row beneath 
the tectorial membrane. There 
are no pillars to interrupt this con- 
tinuity. In the alligator, accord- 
ing to Retzius, there are inner hair 
cells that are clearly differentiable 
from the outer hair cells. The 
duckbill has only two rows of 
inner hair cells separated from the Alligator 
outer hair cells by a space (Prit- 
chard). Finally, in man, there is 
only one row of inner hair cells 
around the modiolus, but they are 
large. 

One of the most puzzling features 
of the cochlear partition of birds is 
the presence of large blood vessels 
lying on Reissner’s membrane. 
The slightest movement there 
should disturb hearing. De Vries 
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Fic. 12-1. Evolutionary changes in the Fie, 12-2. Evolution of the organ of Corti. 
form of the basilar membrane, after Blood vessels are contained in the stip- 
Hasse, pled areas. 


(1,2) has calculated that even the Brownian movements of the water 
molecules can play a role in limiting the threshold of hearing. But in 
birds the red blood cells can be observed under the microscope pushing 
against the walls of the vessels. As seen in Fig. 12-2, in higher animals 
and in man the blood vessels are concentrated in the stria vascularis. 
There they are surrounded by a tough structure, so that dilatations of 
the vessels produce only small displacements in the endolymph. 
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In man, the guinea pig, and most other mammals there is one blood 
vessel, the spiral vessel, running outside the cochlear partition (Fig. 12-3) 
along the whole length of the basilar membrane. It is symmetrically 
placed between the inner and the outer hair cells and may supply them 
by diffusion. If the dilatation has a low frequency so that mass forces 
are negligible, the displacement of the basilar membrane is considerably 
less than the dilatation of the vessel. 

This is so because the stiffness of the Hair cells 
basilar membrane is much greater 

than the stiffness of the tissues 

covering the vessel, which are formed bosidr 
by loose cells. As seen in the lower membrone 


drawing of Fig. 12-3, in this case the 
vessel will be lifted from the basilar : 
membrane according to the ratio of BA Spira! vessel 


the stiffness on both sides of the ey; (a) 
vessel. 

So far as the writer can see, in the 
guinea pig the spiral vessel does not 
run continuously along the basilar 
membrane. There are small sec- 
tions supplied from the modiolus, 
and in one seetion the blood runs 
toward the helieotrema and in the 
adjoining section toward the stapes. 
This arrangement minimizes dis- , 
placements of the basilar membrane Pia bio semel. () d Misses an: 
in the longitudinal direetion as a expands at each pulse, with a minimum 
result of blood pulsations. Never- effect (A1) on the basilar membrane. 
theless, the high threshold of hearing en 
(3 grams per sq em on the eardrum at 1.5 eps) for sinusoidal pressure 
variations at low frequencies (page 258) is probably adapted to the 
blood pulsations. : 

Stiffness Pattern of the Organ of Corti. To understand the mechanical 
performance of the organ of Corti it seems necessary to know something 
about the stiffnesses of the different tissues. This information can be 
obtained to a certain degree from microscopic cross sections. By using 
an adequate staining technique, the fibers and supporting tissues can be 
differentiated from the softer tissues. A careful summary of work in 
this field was made by Neubert. The observations show that on the 
inner side of the basilar membrane there is a triangular fiber network that 
is conneeted to the retieular membrane. An upward movement of the 
basilar membrane produces a radial displacement of the reticular 
membrane, as shown in the work of ter Kuile and in Fig. 12-4, which 
shows the organ of Corti of a bat (Zimmermann). r ' a 

These conclusions were tested on a lightly anesthetized guinea pig. 
For most of the observations an opening in the bony wall of the cochlea 
was made near the helicotrema. All observations on the basilar mem- 
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brane were made at a point about 16 mm from the stapes, except for 
some control experiments at a distance of 12 mm from the stapes. In 
a fresh preparation the cochlear partition is practically transparent, and 
for preliminary observations it is desirable to use intravital staining. 
In the final observations, when orientation in the cochlear partition was 
no longer a problem, the slit lamp usually gave satisfactory points of 
reference. As is well known, the hair cells can be stained with methylene 
blue without decreasing the mierophonies too much. Because the com- 
position of perilymph and endolymph is still not known, the stains were 
dissolved in physiological solution as concentrated as possible. The tip 
of a platinum wire was bent into a round loop and with the help of à 
micromanipulator was immersed in the stain. When the loop was lifted 
out, a small and well-defined amount of fluid remained in the loop and 
was transferred to the cochlea. When put into the perilymph it stained 
Reissner’s membrane and especially its nuclei. But after 10 to 15 min, 


Fi. 12-4. Movements of the organ of Corti of a bat, taken from ter Kuile, after Zim- 
mermann. 


the two rows of hair cells appeared a beautiful blue, and Reissner's 
membrane lost its color so that the hair cells could be observed 
through an intact Reissner’s membrane. ‘The remaining cells were 
unstained. 

When the tissue was stained with methylene blue, it took about 10 to 
20 min for the development of the most distinct pictures. After this 
time the intensity and differentiation between the different tissues 
decreased. Experience showed, however, that it was possible to slow 
down all the processes by keeping the animal in air with a low oxygen 
concentration for several hours before the observations. The animal 
adjusted itself to this situation, and the mierophonies became smaller 
but remained constant. Then the staining often kept its initial dis- 
tinctiveness for several hours. 

Many other vital stains were tried in the effort to stain the tectorial 
membrane. Janus green B injected with a micropipette into the endo- 
lymph stained this membrane gray-black without staining anything else 
between Reissner’s membrane and the basilar membrane. Later some 
of the dead cells often began to turn black. This stain made it possible 
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to observe the vibrations of the tectorial membrane during exposure of 
the cochlea to sound. 

As a general stain, Safranine O was injected into the endolymph. 
This stain brought out the connective tissues and was used to investigate 
the recticular membrane. 

From a purely mechanical point of view, the organ of Corti looks 
extremely complicated. Most man-made structures are characterized 
by some sort of symmetry. But this architecture is similar to an asym- 
metric crystal with axes that are not perpendicular to one another. 
This makes the observations difficult. 

For a preliminary study of the stiffness in different directions, a pyrex 
glass needle with a diameter of 5 4 was used. If the tip was stuck into 
the tissue and then the needle was displaced parallel to the surface of the 
tissue, the bending of the needle gave a measure of the applied force 
necessary to produce a certain displacement of the tissue. 

The tectorial membrane of the guinea pig exhibits a sort of iridescent 
luster under the slit microscope, and when stained the portion close to 
the helicotrema looks like a flat band 
lying parallel to the basilar membrane. 
If an upward foree is applied to the 
outer edge, it eurls up, as illustrated in 
Fig. 12-5. But if the force is applied 
farther inside the band, the entire band 
is lifted, and the whole tectorial mem- 
brane seems to be rigid. The deforma- 
tion of the cochlear partition in the 
longitudinal direction is sketched in the 
drawing at the bottom of the figure. If 
the hook that was used to lift the 
teetorial membrane was suddenly re- 
leased, it sometimes took the tectorial 
membrane 1 or 2 see to return to its 
original position. If the cells below the 
tectorial membrane were removed with 
a hook, then the tectorial membrane qi. 12-5. The effect of applying 
remained free of the endolymphatic forces to the outer edge of the 
space. It moved like the cover of a book teetorial membrane. 
with the hinge near the modiolus, and 
when it was displaced the return time was always more than a second. 
The elastic forces in the hinge are small, as in the cupola of the ves- 
tibular organ. The tectorial membrane could be split easily along 
the fibers, which form an angle of about 60° with the edge of the 
membrane near the modiolus. If two cuts were made close together, 
a stiff rod was obtained, rotating at the hinge near the modiolus. 
If a longer section of the tectorial membrane was pulled away from the 
reticular membrane, it could be bent over and laid on the intact part of 
the membrane. When released, it took more than 10 sec for the mem- 
brane to stretch out. The tectorial membrane is soft and has great 
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internal frietion against slow statie deformations. But it seems to be 
rigid when touched with a needle vibrating at 200 eps. The needle may 
break the tectorial membrane. The internal consistency of the tectorial 
membrane has something of the quality of black pitch at a certain 
temperature. This pitch when laid on the table will spread out slowly 
over a large area. It seems to be soft. But when hit with a hammer it 
appears hard and can shatter like glass. The combination of small 
elastic forces and large frictional forces makes the tectorial membrane 
stiff with respect to vibrations but lacking in resistive force for slow 
static displacement. 

The tectorial membrane is attached to the reticular membrane. This 
attachment was observed by cutting a small hole in Reissner’s membrane 
and putting through it a needle with a flat tip 
at a place close to the outer edge of the 
tectorial membrane. When the needle was 
moved slowly downward by means of an 
automatic arrangement, it was observed that 
at first the whole organ of Corti was pressed 
down, but suddenly the edge of the tectorial 
membrane was lifted from the reticular mem- 
brane, in the manner shown in Fig. 12-6. A 
larger area was lifted when the needle was 
closer to the modiolus. Near the helico- 
trema and the modiolus, Reissner’s mem- 
brane is close to the tectorial membrane. It 
therefore was possible to lift a long section 
of the tectorial membrane away from the 

reticular membrane by pushing a blunt needle 

= 2 a of diced against the inner edge of the tectorial mem- 

mue iesu Ma id d oF brane, without perforating Reissner's mem- 

brane. This effect is similar to that seen 

when a pencil is pressed against the edge of a sheet of paper lying on a 

soft bed. After the tectorial membrane had been pulled off, the lifting 
occurred without any jump, in continuous fashion from the beginning. 

A further proof that the tectorial membrane is attached to the reticular 
membrane is that if the needle tip was placed on the cells of Hensen just 
beyond the outer edge of the tectorial membrane and was slowly moved 
down, the tectorial membrane followed this movement. When it was 
lifted by the method described above, its attachment was loosened. 

After the tectorial membrane had been torn away, the next step was to 
investigate the reticular membrane. It was possible to confirm the fact 
that the reticular membrane represents a stiff covering plate in which the 
hair cells are fitted on one end and hang down practically free at the 
other end. Furthermore, the reticular membrane is rigidly attached to 
the basilar membrane by two pillars, as shown in Fig. 12-4. 

A crude way to test the relative rigidity of different layers is to observe 
the impression produced by a dull needle on the surface. If the impres- 
sion produced for a given penetration below the surface does not spread 
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greatly in a lateral direction, then the tissues under the needle are soft. 
For a cover plate lying on a soft bed the lateral spread of the deformation 
is large. In Fig. 12-7 the deformation of the surface along the longi- 
tudinal axis of the cochlear partition is shown in a schematie way when 
a needle with a flat tip and a diameter of 5 u is impressed on the surface 
of a, Reissner’s membrane (a simple parallel displacement), b, the normal 
organ of Corti with the tectorial membrane, c, the reticular membrane 
after the tectorial membrane has been pulled off, d, the cells of Hensen, 
and e, the basilar membrane. When the needle was moved up and down 
several times and was displaced at the same time from the outside toward 
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the modiolus, it was striking to see that the soft penetration of the cells of 
Hensen stopped when the edge of the reticular membrane was reached, 
giving the definite impression of a stiff cover lying on a soft bed. 

After the tectorial membrane has been removed the remaining pad on 
the basilar membrane is much stiffer with respect to radial displacement 
near the modiolus than on the side of the cells of Hensen. Figure 12-8 
shows that the inner side of the pad is mechanically attached to the 
reticular membrane, and therefore the whole organ of Corti moves out- 
ward with the same size of displacement if a lateral force is applied, 
because the reticular membrane pulls the organ along with it. But if 
the lateral pressure is applied to the cells of Hensen, which are soft, the 
stiff pillars of Corti on the inside are only slightly displaced. 
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It was possible to loosen the organ of Corti from the basilar membrane 
by undercutting it with a rectangularly bent needle. When the reticular 
membrane was lifted slightly, the hair cells were seen hanging on the 
reticular membrane (Fig. 12-9). 

With needle tips smaller than 5 » the reticular membrane can be per- 
forated easily, but not the tectorial membrane or the basilar membrane. 
Mechanically, the reticular membrane seems to be a type of net. Once 
perforated, its stiffnesses against movements along the surface of the 
membrane are about the same in the radial and longitudinal directions, 
and they are very large. All observations in situ on a living guinea pig 
were in agreement with the conclusions reached from a study of histo- 
logical sections. The histological preparation seems to cause little 
distortion of the connective and supporting tissues. 


Hensen's 


A 
Y 
IR 
Needle for undercutting 
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Fıg, 12-9. Method of freeing the reticular membrane from the basilar membrane. 


Organ of Corti as a Mechanical Impedance-matching Device. From 
the histological information we have about the organ of Corti, we have 
to conclude that some type of mechanical deformation of the tissues must 
produce the stimulus for hearing. The high sensitivity of the ear suggests 
that the energy transmission is very good and that therefore the mechan- 
ical impedances must be matched. There is a big gap in impedance 
between the air and the elastic tissues of the organ of Corti. The ear- 
drum and ossicles of the middle ear overcome the gap partially by 
matching the impedance of the air to the mechanical impedance of the 
vibrating fluid columns in the perilymph and the elasticity of the cochlear 
partition. These movements of the perilymph are displacements of the 
fluid. In order to pick up the energy of these fluid movements and 
transfer it to the stiffer elastic tissues, a second match of the impedances 
is needed, which transforms the pressure acting on the basilar membrane 
into a larger force. In Fig. 12-10 three different types of matching 
devices are shown: a represents a lever that transforms the small force 
f into a larger force F. No loss of energy is involved in the transforma- 
tion, and the displacement of force f therefore is larger than the displace- 
ment of force F. From b it can be seen that a relatively small pressure 
on a membrane can produce large tangential stresses in the membrane 
and its enclosing frame. Asa matter of fact, if the membrane is a plane, 
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any pressure on one side of the membrane would produce an infinitely 


large tension on the frame. A pressure on an elastic membrane can be 
transformed not only into a pull but also into a shearing force. This is 
shown in drawing e, where a part of the surface of an elastie plate is 
covered with a thin layer of stiff material. 

Bending the plate produces under the stiff ad 


layer shearing forces that may be large com- 
pared with the pressure forces used for the 
bending of the plate. 

In the organ of Corti it seems that, of 
the three schemes shown in Fig. 12-10, the 
last one, e, is used, that of an inelastic thin 
layer on a thick elastic plate. This is valid 
not only for the bending of the organ of 
Corti, shown in Fig. 12-4, but also for bend- 


ing in the longitudinal direction produced SEHR 
by the traveling waves along the cochlear N fg, 7 
partition. In the organ of Corti there is à "m 


shearing force between the tectorial mem- 
brane and the reticular membrane and also 
between the reticular membrane and the 
basilar membrane. Which of these is im- 
portant as a stimulus is at the moment 
unknown. The size of the shearing forces 
relative to the bending pressure on the sur- 
face of the membrane increases with the 
thickness of the elastic layer. It may be that 


the thickness of the layer between the retic- (c) 
ular membrane and the basilar membrane Fra. 12-10. Forms of mechan- 
is important in this respect. ical impedance matching. (a) 


The importance of shearing forces in the — the cuis BES; ©). d 

vestibular organ has been pointed out by a iv et mper N 

J. Breuer and proved in outstanding experi- 

ud by Holst. Shearing forces in the cochlea were proposed by ter 
uile. 

Resonant Systems and Traveling Waves. At the moment there seem 
to be two methods of investigating the vibratory pattern of the organ of 
Corti. One is a direct microscopic observation of the cells during stimu- 
lation by a sound, and the second is the technique of picking up miero- 
phonies from different points with a search electrode, as has been done by 
Tasaki, Davis, and Legouix. The use of mierophonies has the advantage 
of being a more sensitive method. It has the disadvantage that at the 
end a microscope is still needed to locate the place from which the 
microphonics are pieked up. A further difficulty is that if we stick the 
electrode into the cells, we need an electrode that has no relative dis- 
placement toward the cells. Otherwise the electrode picks up both the 
microphonies of the deformation through the sound and the deformation 
produced by the relative displacement between tissue and electrode. If 
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we place the electrode in the surrounding fluid, the microphonics of the 
relative movement between cell and electrode are largely reduced, but we 
are to some extent observing a scattered electric field because the organ of 
Corti has several electrically insulating layers whose positions have still 
to be investigated. p 

The traveling waves along the cochlear partition as a whole were 
described earlier. No important differences were found between the 
observations on a live guinea pig and on one that was dead for 3 hr. 
But it is still possible that inside the 
organ of Corti there are some mem- 
branes or a row of fibers that could 
show vibrations according to the 
resonance theory. This can be in- 
vestigated with a stroboscope. 
lel When we have a row of simple 
resonant elements with increasing 
resonance frequencies placed along & 
horizontal line, as in the Frahm reed 
frequency meter, a constant sinus- 
oidal force acting on the elements 
shows under stroboscopic illumina- 

: tion a displacement of the form a in 

Fro, 12-11. The difference between the Fig. 12-11. The over-all movement 

ei Ss en mio on both sides of the resonance fre- 

quency is purely transverse. There 

seem to be two elastic beams on both sides bending up and down, always 

in opposite phase, with a thread of higher elasticity between them. If the 
phase motor is reversed the picture does not change. 

Very different from this is the stroboscopic picture of a traveling wave. 
The main impression is of a movement along the horizontal axis (Fig. 
12-115). Even in a small section of the traveling wave this movement 
can easily be recognized. The reversal of the phase motor reverses the 
direction of the horizontal movements. The difference between the 
two pictures is so great that even in a small section they can always 
be discriminated. No structure along the cochlear partition showed 
movements eorresponding to a system of resonant elements of the kind 
seen in a Frahm reed frequency meter. 

Under the microscope a vibrating needle was used to touch surfaces, 
membranes, threads, gelatinous paddings, beams, and all other types of 
material. It was surprising that there were always traveling waves 
running toward the needle or away from it, according to the direction of 
rotation of the phase motor. A resonance phenomenon as described in 
the textbooks can only be obtained if the elastic and mass forces in à 
system are clearly separated as in a pendulum. But even in à pendulum 
there are difficulties, because when pushed in one direction the bob does 
not keep swinging in the same plane but transfers its energy from one 
degree of freedom to a second degree of freedom. Physically it is hard 
to avoid coupling between the two degrees of freedom. If there are two 


to) 
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resonant systems with coupling between them, an exchange of energy 
between the two cannot be prevented. If there are several coupled 
resonant systems, the energy will travel around more and more, which 
for a large number of resonating systems gives a traveling wave. Asa 
matter of fact, if a rubber pad is pressed against the stems of the vibrating 
rods in the Frahm frequency meter immediately above the pattern 
shown in Fig. 12-11a, a traveling wave appears and becomes more and 
more pronounced as the coupling is increased. The statement that 
there are no traveling waves in the cochlea implies that there is no 
elastic or frictional coupling between the different , . 
segments of the basilar membrane and the fluids © | 
that load these segments. If there is no elastic 
coupling between the segments, a needle pressed 
against the organ of Corti or the basilar membrane 
should produce a thin elliptical impression with the 
longer axis lying in the radial direction of the 
cochlea. But the experiments showed an almost 
round impression similar to that obtained on an 
elastic plate. 

It is known that the differential equations for 
transverse movements of strings, membranes, bars, 
and pads have the form 


oy? «1 dy? s ty 


ERU. Pr = Bina BS 
ðr? cto ort ar 3 Dioration wove 
where y is the transverse displacement, ¢ the : in 

and z the longitudinal axis. The solution of eile ai 
equations is of the form en 


y = Certo 


which represents a traveling wave along the x axis. 5. Bending us 
It appears that in some theoretical speculations this ze. 52. dub 
fact has not been taken into consideration suffi- m ing 
ciently. It is useful to study long-distance tele- 
phone lines, for they introduce the wave and resonance concepts at the 
same time. 5 

Unfortunately, the waves in elastie bodies are complicated, and, as 
with earthquake waves, several problems still await solution. Tasaki, 
Davis, and Legouix discussed the different waves in the cochlea. As 
Shown by Berger (1,2) in Fig. 12-12, five different waves can be dis- 
criminated: (1) compression waves, (2) shear waves, (3) dilatation waves, 
(4) Rayleigh waves, and (5) bending waves. The problem of the next 
section will be to find out whether some of these can be recognized in the 
elongated organ of Corti. y 

The wave velocities of all these waves are different for the same 
medium. Even in a rectangular bar, when the thickness is different 
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from the width, the transverse vibrations in the perpendicular direction 
have different traveling velocities, which produce a vibratory pattern 
that is hard to keep in mind. Theories of how the nerves are stimulated 
by the displacements in the cochlea were presented by Huggins and 
Licklider. 

Stroboscopic Observations of the Organ of Corti of a Guinea Pig. 
When the vibrating cochlear partition was first seen the whole organ of 
Corti seemed to be moving up and down in phase with the basilar mem- 
brane. It was necessary to consider more closely the displacements of 
the different tissues relative to the basilar membrane. These relative 
displacements are to a large degree in the plane of the basilar membrane. 
The opening in the cochlea was always closed with a glass window and 
fixed so that it did not show any movements. Otherwise, the move- 
ment of the air-perilymph boundary as seen through the microscope 
might be mistaken for movements of the organ of Corti. 

Most of the observations were made close to the helicotrema, about 
16 mm away from the stapes. But the same type of results were obtained 
at a distance of 12 mm from the stapes. 

In an intact cochlear partition, Reissner’s membrane moved up and 
down with the same phase along the visible surface if the frequency was 
low. But for higher frequencies, e.g., 1000 cps, small bending waves 
(Fig. 12-12) traveled in the longitudinal and radial directions of the 
cochlear partition, as may be seen on any loose membrane. In order 
to find out further what the possible free vibrations of the different parts 
of the organ of Corti might be, an effort was made to separate the different 
tissues. A longitudinal cut made by a needle along the outer edge of the 
reticular membrane separated the cells of Hensen from the outer phalan- 
geal cells, so that the cells of Hensen stood free on the basilar membrane. 
If a low-frequency tone was used to set the basilar membrane into vibra- 
tion, these cells were compressed and dilated in the longitudinal direction, 
showing a dilatation wave like (3) of Fig. 12-12. If the cells were par- 
tially cut away from the basilar membrane, this type of movement was 
even more pronounced. The cells of Hensen are very soft, and the 
wavelength for 500 eps is about as long as the thickness of the pad 
formed by the cells. If the tectorial membrane was lifted from the 
reticular membrane so that it stood free in the endolymph, it was sur- 
prisingly stiff against vibrations, and no wave motion could be seen on it. 

As can be seen from Fig. 12-13a, the outer leg of the pillars of Corti 
may produce a local load on the basilar membrane, and this in turn may 
facilitate a subdividing of the basilar membrane (Fig. 12-135) for high 
frequencies. When the point of maximal transverse vibrations along 
the basilar membrane was observed and the frequency was increased 
three times, no subdivision of the basilar membrane in the radial direction 
could be found, but there remained a small phase difference between the 
center and the edge of the membrane. From this observation comes the 
theoretically important conclusion that the mechanical load concentrated 
at one point of the basilar membrane by the pillar of Corti is relatively 
small compared with the load of the surrounding fluid. " 
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If the different tissues were loosely coupled with each other, the cells 
of Hensen would keep their longitudinal vibrations and the basilar 
membrane its transverse vibration. LFA 
But the intact cochlear partition gives 
the impression that the coupling is 
strong, and at first it seems that the 
movements of the basilar membrane 
are the primary ones and that the 
reticular membrane joins with these 
movements in a passive way as they 
are conveyed through the pillars of 
Corti and the cells of Hensen. The stiff 
tectorial membrane is loosely attached 
to the reticular membrane and damps 
its vibrations. Reissner’s membrane eem es 
has the loosest eoupling to the vibra- 
tions of the basilar membrane, but by 
observing the stained nuclei of its cells 
it is easy to see that the longitudinal 
and radial displacements of the cells of Hensen are transmitted even to 
this membrane. 

By looking through Reissner’s membrane at the organ of Corti, the 
following vibrations relative to the basilar membrane could be seen 


(6) 


Fie. 12-13. Possible forms of dis- 
placement of the basilar membrane. 


Helicotrema 


—Hensen's 


Slows 5 cells 


Longitudinal 
vibrations 
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Fro. 12-14, The distribution of radial and longitudinal vibrations along the organ of 
Corti during tonal stimulation. The view was through Reissner's membrane. 


(Fig. 12-14) near the place of maximal transverse vibrations of the basilar 
membrane, On the side of the stapes the ends of the hair cells under the 
tectorial membrane and the cells of Hensen executed vibrations in a 
direction close to the direction of the fibers of the tectorial membrane. 
This type of vibration was in close agreement with the displacements 
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shown in Fig. 12-14. As the helicotrema was approaehed this type of 
vibration stopped suddenly, and the inner and outer hair cells showed 
only an up-and-down movement. Farther in the direction of the helico- 
trema the vertical vibrations passed over into longitudinal vibrations, 
the amplitude passed through a peak, and then everything quieted down. 
If the frequency of the sound was increased, the whole pattern moved 
toward the stapes. As indicated in Fig. 12-14 the movements of the 
cells of Hensen were always larger than the movements of the outer hair 
cells. But in response to longitudinal vibrations the tip of the hair cells 
under the tectorial membrane was so greatly damped that it seems 
proper to assume that the cells of Hensen are moved by the longitudinal 
bending of the basilar membrane, and they in turn transmit their move- 
ments to the outer and inner hair cells. When the hair cells were sepa- 
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rated from the edge of the reticular membrane the longitudinal vibrations 
Therefore 


of the outer hair cells decreased their amplitude to one-fourth. 


Stopes Helicotrema 
-—_ o- 
= 


' 
ji 


N 


Fig. 12-15. Types of vibration of the hair 
cells in the organ of Corti, as seen from 
one side. 


Fra. 12-16. Forms of displacement of the 
reticular membrane caused by movement 
of the basilar membrane. 


the cells of Hensen aid in initiating the longitudinal vibrations of the 
hair cells. Figure 12-14 is only a sketch of the three different types of 
vibration. The shift from one type of vibration to another is not as 
sharp as indicated. At a point about 16 mm away from the stapes the 
change represented takes place on a section of the basilar membrane 
that is about three times longer than shown in the drawing. 

If the cochlea is exposed to a very intense sound, then in general the 
first event is that the cells of Hensen separate from the basilar membrane 
and the reticular membrane. They float in the endolymph freely like a 
thick thread wound around the modiolus. The longitudinal vibrations 
of the hair cells are decreased also. Furthermore, the outer hair cells 
seem to have lost their hold and oscillate irregularly, attached only at 
the upper end to the reticular membrane. j 

On looking at the organ of Corti in a radial direction, so that the whole 
length of the hair cells can be seen, the outer hair cells seem to oscillate, 
as shown in Fig. 12-15. Toward the stapes, the lower end of the hair 
cells oscillates slightly in the longitudinal direction. It was not possible 
to find out whether the cells are bent or only rotated. But on the side 
of the helicotrema the outer hair cells undergo a simple parallel displace- 
ment. The movements shown in the figure are displacements relative 
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to the basilar membrane, so that its up-and-down movements have to be 
added. 

At first it is surprising to find that the hair cells vibrate in the longi- 
tudinal direction of the basilar membrane. But the hair cells in mammals 
are located high above the basilar membrane. ‘Therefore, if the basilar 
membrane is bent along the longitudinal displacement axis, as shown in 
Fig. 12-16, a longitudinal displacement occurs. The amplitude of this 
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displacement is proportional to the 
vertical amplitudes of the basilar 
membrane and the first derivative 
of the momentary position of the 
traveling wave along the basilar 
membrane. The shape of the 
traveling wave along a human 
basilar membrane for a tone of 200 
cps is shown in Fig. 12-17 as the 
curve f(x) (see page 462). The 
integral and the first and second 
derivatives of the curve are shown 
also. The maximum of the first 
derivative f'(x), represented by the 
envelope and responsible for the 
size of the longitudinal vibrations, 
is displaced toward the helicotrema 
relative to the maximum of the 
vertical vibrations f(x) of the 
basilar membrane. 

Curvature of the Cochlea. Dur- 
ing the evolution of the cochlea the 
basilar membrane is continuously 
lengthened (Fig, 12-1), but at the 
same time it starts to curve. In 
birds and in the duckbill the curva- 
ture is bow-shaped, but in the 
guinea pig four turns can be seen. 
The question is raised whether the 
turns have any purpose. It is 
obvious that the blood and nerve 
supply to a coiled organ of Corti 
are better isolated and protected in 
a central shaft like the modiolus 
than would be possible if the organ 


(a) 


(a) 


La Pa en: ST a a cero SEE 
20 21 22 23 24 25 26 27 28 29 30 31 32 
Distances from stapes, mm 
Fig. 12-17. Traveling waves along the 
basilar membrane produced by 200 cps. 
Shown are the displacement wave (b), 
its integral (a), and the first two differ- 

entials (c) and (d). 


of Corti were a long stretched pad exposed to mechanical bending. But, 
in addition, the curvature may be necessary to the proper working of the 


organ of Corti. 


For instance, the tectorial membrane is connected by a hinge to the 


inner side of the bony wall of the cochlea. 
membrane is relatively loose for up-and-down movements. 


In this way the tectorial 
If the 
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cochlea were straight, as in Fig. 12-18a, a pull at one place would bend 
the whole tectorial membrane like a book cover, and displacements 
would be transmitted along the entire length. With a coiled cochlea 
the tectorial membrane bends down only as far as the nearest corner 
(Fig. 12-18b). Figures 12-18a and b are exaggerated, but the effect 
in the cochlea can be seen. It is more pronounced for a loose hinge, and 
the peculiar striated texture of the tectorial mem- 
brane seems to limit deformation, especially in the 
direction of the helieotrema, because the tectorial 
membrane breaks when the cochlea is coiled. 

If we look at Fig. 12-4 we can see that if the 
basilar membrane is moving upward the reticular 
membrane is displaced toward the center of the 
modiolus. The cells of Hensen join in this move- 
ment, and therefore the radius of the cirele around 
the modiolus is decreased. This decreases the 
whole length of the elastic pad on the basilar 
membrane and produces a push in the longitudinal 
direction toward the helicotrema. This push has 

(6) to be integrated over a longer section of the basilar 
Fic. 12-18. Effect of membrane on the side of the stapes where the 
cochlear curvature on radial movements of the reticular membrane occur. 
bebes Rd tec- The size of the longitudinal displacement is again 
Fi Dj Aer eiae with proportional to the height of the reticular mem- 
a straight membrane a, brane above the basilar membrane. It is inde- 
t pendent of the radius of the curvature of the 

organ of Corti, as long as only one turn is taken into consideration. 

The two longitudinal movements described may compensate for each 
other on the wavefront facing the stapes and add together on the wave- 


front facing the helicotrema and produce in this way the sharp transition 
in the vibratory pattern. 


FREQUENCY ANALYSIS IN THE COCHLEAS OF VARIOUS ANIMALS* 


In Fig. 12-19 are shown the membranous labyrinths of a turtle, a 
bird, and a mammal. The three canals at right angles to one another 
are the semicircular canals, which serve for determining the position of 
the head. The areas enclosed by dotted lines represent small otolithie 
organs which also serve for equilibrium. The auditory nerve ends in the 
rar indicated by crosshatching, and therefore these regions serve for 

earing. 

In these three stages of development of the membranous labyrinth 
it is apparent that the semieircular canals undergo practieally no change 
that is externally obvious, whereas there is a progressive change in the 
length of the basilar membrane, as represented in the crosshatched region. 
This increase in length causes the lowermost otolith to be displaced to 


* Article 45 as listed in the Author’s Bibliography. Published in 1944. 
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the end of a tube, until in the mammalian labyrinth it completely 
disappears. 

The question now arises to what extent the auditory ability of various 
animals is improved by this increase in length of the basilar membrane, 
and indeed whether there is any improvement at all. It is especially 
of interest whether this inerease of length only results in an extension of 
the auditory range for low and high tones, or whether it gives an improve- 
ment in the ear's ability to diseriminate tones of different frequencies. 

Many methods have been used to study the auditory ability of animals, 
as Kleinknecht has pointed out. Thus a test tone (or food tone) can 
always be presented simultaneously with food, so as to be given a biologi- 
cal value to the animal. After a few days the sounding of the tone will 
then evoke certain movements by which the auditory capacity of the 
animal can be judged. 


Bosilor membrane 


(a) (5) 
Fic. 12-19. The membranous labyrinths of (a) a turtle, (b) à bird, and (c) a mammal. 


In certain instances also a reflex movement can be produced without 
training. Particularly well known is the pinna reflex of guinea pigs, 
which consists of a twitch of the pinna at the presentation of a tone. All 
these methods require a great deal of experience with the animals if 
erroneous results are to be avoided. Also they take a long time to 
carry out. : : 

It is simpler to use the electrical potentials that arise in the region of 
the basilar membrane (Wever-Bray effect) or in the auditory nerve as a 
result of stimulation by sounds. In this way the auditory threshold is 
readily determined as a function of frequency. The potential changes 
caused by beats may be observed in the higher portions of the nerve 
tract, and information may be obtained on frequency discrimination also. 

In all these situations, however, the mechanical form of frequency 
analysis is connected with the neural form, so that no certain picture is 
obtained of the effectiveness of the length of the basilar membrane. 
Therefore a purely anatomical way of investigating the ear’s mechanical 
analysis was attempted. . 

It has been found possible in man to make direct measurements of the 
amplitude variations along the basilar membrane for various frequencies 
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(page 448). "Therefore it seems possible to discover the frequency range 
within whieh any change of frequency produces a change of position of 
the response of the cochlear partition. In this way every region of fre- 
quency within which a mechanical analysis occurs can be specified 
relative to the lower limit of hearing. The upper limit of resolution 
cannot be determined because the vibratory amplitudes for the high 
tones are too small to measure. The cochleas of various animals were 
studied in this way. 


Incus and 
stapes 


Round window 


Fro. 12-20. The guinea pig's cochlea, 


The Guinea Pig. When a comparison was made of the anatomical 
structure of the cochleas of various animals, only small differences were 
found in the magnitudes of the fluid streaming in the cochlea. On 
the other hand, there are large variations in the external structure of the 
cochlea. In man the whole cochlea is embedded in hard bone, whereas 
in the guinea pig and most rodents the cochlea consists of a thin shell of 
bone standing free in a large bony cavity. This towerlike form for the 
guinea pig is illustrated in Fig. 12-20. The internal structure of the 
Br e o a shell, so that four complete turns ean be made 
out. As man has only 234 turns, the questi ises w! | hi 
stage of ae iun De er re | 
| 'The stapes here consists of à knob with a straight rod, as the figure 
snows. 
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The thin-walled cochlear capsule cannot be opened with a drill because 
its limited strength permits a large portion to be broken in. Either the 
wall has to be strengthened with zinc oxyphosphate cement, or a small 
portion of the wall is penetrated with a sharp needle or forceps. This 
last method has the advantage that the location of the cochlear partition 
is easily seen from the outside. 

In order to measure the vibratory characteristics of the cochlear parti- 
tion it is necessary to construct a diagram of the cochlea for every species 
of animal. Such a diagram is drawn for the guinea pig in Fig. 12-21, 
with the points of maximum bulging of the cochlear partition shown 
as projected upon a plane perpendicular to the vertical axis. Also 
shown are the distances along the cochlear partition as measured from 


Guineo pig Bs ^5; 


Fra. 12-21. Spiral diagram of the cochlear partition of the guinea pig. The numbers 
indieate distances from the stapes. 


its basal end near the stapes. The two crosshatched areas represent the 
positions of the round window and oval window. The oval window is 
covered by the stapes. er 

The length of the guinea pig cochlea is only 18 mm, whereas man's is 
35 mm. From this we may conclude that in spite of its larger number 
of turns the guinea pig can achieve à spatial separation of tones over the 
cochlear partition only in the upper region of the frequeney scale. This 
conelusion ean be established only if for every position along the cochlea 
à frequeney ean be found for which the cochlear partition undergoes 
maximum vibrations. In these determinations the volume displacement 
of the stapes was kept the same for all frequencies. 

The a of hone measurements are given in Fig. 12-22. At a 
frequency of 200 cps the maximum vibration of the cochlear partition 
reaches a position farthest from the stapes, and a further lowering of the 
tonal frequency produces no change in the form of vibration. 1 The 
amplitude becomes smaller because more and more of the fluid motion is 
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equalized through the helicotrema. Therefore a mechanical analysis 
below 200 cps cannot take place in the guinea pig cochlea. i 

Though there may not be any mechanical frequency analysis below 
200 cps, it is still possible that a frequency analysis of limited form can 
occur through neural processes. 
Then the difference threshold will 
be significantly larger for the region 
below 200 cps. Thesame relations 
ought to hold for hearing as for 
the vibratory sensitivity of the 
skin, which shows only limited fre- 
quency discrimination. 
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5000 


Guineo pig 


& 1000 In other respects the vibratory 
= phenomena in the cochlear canal 
E are much the same as for man. If 
E 500 a certain point on the cochlear 


partition is examined and the fre- 
quency is gradually raised while 
the amplitude of vibration of the 
stapes is held constant, a resonance 
curve is obtained like those shown 
in Fig. 12-23. These curves vary 


0 5 10 1§ 20 
Distance from the stapes, mm 
FrG. 12-22. Positions of maximum stimu- 
lation along the cochlear partition of the 
guinea pig for various tones. 


only in that the sharpness of 
resonance is noticeably greater at 
the higher frequencies, just as is 
true in man. Also at 1000 cps the 
logarithmic decrement has declined 
to the value à = 1.2. 


The Chicken. The ear of the chicken seems to have reached only an 


early stage of development. 
about 5 mm long. 
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Fra. 12-23. Resonance curves for the cochlear 


Tts cochlea consists of a weakly bent tube 


Guineo pig 


1000 2000 


partition of the guinea pig, at four posi- 


The development of the cochlea thus seems to begin with an elongated 


sac of the membranous labyrinth that is embedded in a bony canal and 
that has loosened itself from the bony wall all along one side. Thus 
there arises in a bony tube a second tube with an elastic wall, i.e., & 
double canal with an elastic partition. In the chicken the elongated sae 
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is still closed at the end, so that there is no connection between the two 
canals corresponding to the helicotrema of man. 


Bosilar membrane from the side 


5mm 
Fic. 12-24. Form of the chicken’s cochlea (above) and its basilar membrane (below). 


The result of this is that a pressure in one canal will produce a per- 
sistent bulging of the partition. This made measurements difficult, 
because a pressure difference between the two canals often caused a 
tearing of the cochlear partition. 
Also the slightest deformations of 
the middle ear produced changes in 
the cochlea. In the mammals such 
incidental conditions of the middle 
ear were canceled by the helicotrema. 

However, a helicotrema would not 
be advantageous in birds. Because 
of the limited length of its cochlear 
canal an opening would greatly re- 
duce the ear’s sensitivity. 

In Fig. 12-24 the basilar membrane 
of a chicken is represented as seen 
from above and somewhat from the 
side. At the end of the basilar 
membrane is a white calcium deposit. 
The location of the stapedial foot- 
plate in relation to the double canal 
i Ta BASEL [f Fie. 12-25 Positions of maximum 

"he shifting of the positions o IG. 12-20. a 
resonance along the cochlear partition mem aon, for various tones 
with changes of frequency are shown 3 
in Fig. 12-25. Below 100 eps there is no longer any mechanical frequency 
analysis in the chicken, because the cochlear partition vibrates as a whole, 
and this form of vibration is unaltered as the frequency is made lower. 
The upper limit of the auditory range can be obtained by extrapolation 
to zero length of the membrane in this figure. 


Frequency, cps 


1 2 3 
Distance from the stapes, mm 
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It is of special interest whether the resonance curves change in a 
cochlear eanal as short as this one. Figure 12-26 gives results of the 
measurements. The damping decrement is not noticeably different 
from that of the human ear. 


Chicken 
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Fic, 12-26. Resonance curves for the cochlear partition of the chicken at five positions. 


The Mouse. The cochlear diagram and location of the places of 
resonance for the mouse are presented in Figs. 12-27 and 12-28. The 
length of the cochlear partition is 7 mm. Even so, the volume elasticity 
does not diminish further at the end of the cochlear partition, and vari- 
ations of resonance extend only to 
the 6.5-mm position. The lowest ^ 10000 
frequency at this point is 400 eps. 

The Rat. In the mouse the coch- 
lear dimensions, especially for the 5000 N 
diameter of the canal, are too small ENSEM 
for reliable measurements. There- 3000 
fore, as a basis for further study, 
the rat's cochlea was investigated. 2000 
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Fic. 12-27. Spiral diagram of Fic. 12-28. Positions of maximum 
the cochlear partition of the stimulation along the cochlear parti- 
mouse. tion of the mouse. 


The size of its cochlea made it possible to carry out the dissection without 
particular difficulty. As Fig. 12-29 shows, the length of its cochlear 
partition is 9.7 mm. The lowest frequency of mechanical analysis is 
200 eps, as indicated in Fig. 12-30. Here also the stiffness of the cochlear 
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Fic. 12-29. Spiral diagram of the 
cochlear partition of the rat. 
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Fic. 12-30. Positions of maximum stimu- 

lation along the cochlear partition of the 
rat. 


partition inereases from the 9.5- to the 9.7-mm positions, so that resonance 
extends only to the 9.5-mm point. 

The Cow. 'To determine how the hearing of animals changes with 
their body size, the cochlea of the cow was studied, for it is one of the 
largest animals readily available. As the diagram of Fig. 12-31 shows, 

the cochlear dimensions also are great. 
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Fro. 12-31. Spiral diagram of the 
cochlear partition of the cow. 


The total length of the cochlear partition 
is over 38 mm, and there are 314 turns. 
Mechanical frequeney analysis extends to 
50 eps. 
tions along the cochlear partition for differ- 
ent frequencies may be seen in Fig. 12-32. 


The distribution of resonance posi- 
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Fie, 12-32. Positions of maximum stimu- 
lation along the cochlear partition of the 
cow. 
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The curve is nearly straight. The cochleas of cows and calves are suit- 
able for many anatomical purposes, because they stay fresh for a long 
time and exhibit only slow deterioration of their elastic properties. 

The Elephant. By good fortune the head of an adult elephant became 
available for study. Because the brain of an elephant is small relative 
to the head, the auditory meatus has a length of 18 to 20 em. The 
diameter is 1 em over its slightly bent course, until it expands in the 
region of the drum membrane. This membrane is elliptical, with a 
height of 3 em and a width of 2 em. Apart from the dimensions, the 
middle-ear structure closely resembles that of man. The stapes also 
has a familiar form, with an elliptical footplate 5.3 mm by 3.8 mm. 
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Fig. 12-33. Spiral diagram of the Fic. 12-34. Positions of maximum stimu- 

cochlear partition of the elephant. lation along the cochlear partition of the 
elephant. 


The cochlear measurements are shown in Fig. 12-33. The total length 
of the cochlear partition is nearly 60 mm. The individual turns are 
sufficiently well separated to permit the whole cochlea to be dissected out. 
This took a long time, however, because the bony walls are very dense 
and nearly a centimeter thick. 

The distribution of resonance positions along the basilar membrane 
for various frequencies is represented in Fig. 12-34. A change of position 
with frequency can be observed down to 30 eps. From the measure- 
ments it is clear that in practically every turn there are small, regular 
deviations from the curve as drawn. 

Apart from its rarity, this cochlea shows the sharpest resonance of all 
the animals studied, as Fig. 12-35 indicates. Especially above 500 cps 
it was easy to observe directly by eye the shiftings of the resonance 
points as the frequency was altered, because when the amplitude was 
suitably adjusted the cochlear position was seen to vibrate over only & 
few millimeters. At 1000 cps the logarithmic decrement was 9 = 0.9. 
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Comparison of the Different Animals. Because all the animals except 
the elephant gave nearly the same values for the sharpness of resonance, 
it is possible to take the shifting of the resonance position Al along the 
cochlear partition for a certain percentage change of frequency An/n 
as a measure of mechanical frequency analysis. This mechanical separa- 
tion of frequeney A = Al/(An/n) is shown in Fig. 12-36 for the various 
animals. 

Here it is found, as we would expect, that the chicken has the least 
developed cochlea. In general the mechanical resolution increases with 
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Fic. 12-35. Resonance curves for the cochlear partition of the elephant, at five posi- 
tions, 
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Fra. 12-36. Comparison of the different animals as to the mechanical separation of 
frequencies. 


the size of the animal, and at the upper end of the scale becomes inde- 
pendent of frequency. Only the human ear is exceptional, as it attains 
its maximum resolving power at 1000 cps. This may be connected with 
the fact that in this region are the most important frequency components 
for the apprehension of speech. 

In Fig. 12-36 the lower limit of hearing is represented by that frequency 
for which a further reduction in frequency produces no alteration in the 
distribution of amplitude along the cochlear partition. Because there is 
often a moderate increase in the stiffness of the cochlear partition in the 


neighborhood of the helicotrema, the resonance positions do not continue 
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their displacements to the extreme end of the partition. Therefore the 
effective length of the partition is smaller than the actual length. 

As is evident in Fig. 12-36, the lower limit of hearing falls as the size 
of the animal increases. This fact perhaps may be connected with the 
general enlargement of the ear. When sound is spread along the main 
surfaces its absorption is less for low frequencies than for high frequencies 
when the passages are broad, and therefore there is a favoring of the low 
tones. 

Elasticity of the Cochlear Partition for Various Animals. The vari- 
ation of membrane stiffness as a funetion of cochlear position is still to 
be considered in the different animals. The volume displacement in 
cubic centimeters produced in a segment of membrane 1 mm long by a 
pressure on one side of the membrane of 1 em of water served as a measure 
of membrane stiffness. In Fig. 12-37 the volume elasticity is represented 


Volume displocement, cu cm 


o e e S IC SO! C358 "0 NS 50 55 
Distance from the stapes, mm 

Fro. 12-37. Comparison of the different animals as to the elasticity of the cochlear 

partition, measured as the volume displacement produced in a I-mm segment by a 

pressure of 1 em of water. 
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on the ordinate, and distance from the stapes is represented in milli- 
meters on the abscissa. If we extrapolate the length of the membrane to 
zero, it appears that for all animals the volume elasticity of the cochlear 
partition rises from about 10-? to 10-° cu em from lower to upper ends. 
Values of volume elasticity below 10-8 are hardly measurable, because 
the necessary pressures cause tearing of the portions of the partition 
distant from the stapes. 

For a better comparison of the various animals, a circle has been 
added to each curve of Fig. 12-37 to indicate the volume elasticity 
obtaining at the resonance position for 1000 cps. This value is constant 
only for the very small animals, for which it is 4.5 X 10-7 cu em. 


PARADOXICAL WAVE TRAVEL ALONG THE COCHLEAR PARTITION* 


In the inner ear there is a paradoxical vibration of the cochlear parti- 
tion. This is an unfortunate situation. But analysis of the movements 
inside the cochlea presents in part a problem in hydromechanies, a field 
in which plausible reasoning has commonly led to incorrect results. 


* Article 73 as listed in the Author's Bibliography. Published in 1955. 
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Birkhoff has collected enough of these physieal paradoxes to make a fair- 
sized book. The paradox of hydrostatie pressure is probably the best 
known. The fact that the pressure of a fluid at rest under gravity on the 
base of a vessel is independent of the size and shape of the vessel is not 
simple to explain. It is said that in the seventeenth century Paseal 
demonstrated its validity to the king of France by attaching a small tube 
to a barrel filled with water. A glass of water poured into the tube was 
enough to increase the pressure inside the barrel so much that it burst. 
I do not think that this demonstration would satisfy everybody today; 
it does not make clear where our reasoning in estimating the pressure was 
wrong, and why we do not anticipate the effect of the glass of water. 

In the cochlea the paradoxical movements of the partition are easily 
seen. Twenty-five years ago the movements of the cochlear partition 
were observed in preparations of the human temporal bone with the help 


Round window ‘Static deformation 
Fic, 12-38. A mechanical model of the cochlea containing two partitions arranged in 
contrary positions like mirror images. 


of stroboscopic light. To make the activity of the cochlear partition 
visible, holes had to be drilled in the bony capsule and then sealed with 
glass windows. At first uneasiness was created by the possibility that 
leakage around the windows might disturb the vibratory pattern of the 
cochlear partition and make the measurements incorrect; however, the 
pattern measured in this way proved to be highly stable. During stimu- 
lation with a continuous sinusoidal tone, traveling waves moved toward 
the helicotrema independently of the location and tightness of the win- 
dows. To obtain better control of the experimental conditions, a model 
of the cochlea was made having the same vibratory pattern as the normal 
ear, but with two cochlear partitions, one facing the other like a mirror 
image, as shown in Fig. 12-38. In one of the partitions the yielding 
portion was far from the stapes, as in the normal ear, but in the other the 
Yielding portion was close to the stapes. When the stapes was set in 
vibration, waves traveled toward the yielding portion in each membrane. 
In the normal membrane the waves traveled away from the stapes, that 
is, away from the vibrating source, but in the other membrane they 


traveled toward the vibrating source. 
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In general we assume that every vibrating body produces, in a medium, 
waves that travel away from the source. A wave that travels toward the 
source may therefore be considered a paradoxical phenomenon. Later 
experiments showed that even in small cutout sections of cochlear parti- 
tions the direction of the waves is independent of the location of the 
vibrating source. 

The problem of traveling waves has been discussed by Tasaki, Davis, 
and Legouix and by Wever and Lawrence (1), who used the microphonics 
as indicators of the movement of the cochlear partition (see also Wever, 
Lawrence, and Békésy). 

In normal situations in anatomy the yielding portion of the cochlear 
partition is far from the stapes, and the waves travel away from the 
stapes. The question of what happens in the cochlea when the stapes is 
removed from its usual location and placed at the opposite end of the 
cochlear partition is not purely academic but has definite implications 
for the physiology of hearing by bone conduction. An exploration of 
these implications was published recently by Zwislocki (3). 

We assume that in hearing by bone conduction the bony capsule of the 
cochlea is deformed; therefore, not only the stapes but also parts of the 
wall of the cochlea produce displacements of the fluid relative to the 
cochlear partition. 

The problem of the paradoxical movements of the cochlear partition 
sometimes takes on different aspects. For instance, in the model of 
Fig. 12-38 the compressional wave spreading out from the sound source, 
with the high velocity of a compressional wave in a liquid, should deform 
the yielding portion of the cochlear partition more than the stiff portions, 
as indicated by the dotted lines. Actually, however, it is the stiffer part 
of the partition that seems to make the larger excursion and that starts 
a traveling wave in the more yielding part. In a review article, Licklider 
discussed the various points of view on this problem. Zwislocki (3), in 
the paper on wave motion cited above, discussed the application of 
Hamilton’s principle to this phenomenon. 

The present section describes a step-by-step exploration by experiments 
on the formation of traveling waves in a model having properties mechan- 
ieally analogous to the cochlear partition. 

Direction of Travel of Continuous Sinusoidal Waves in a Transmis- 
sion Line. In daily life, periodic disturbances produce waves that travel 
away from the vibrating source, as, for instance, the waves on a water 
surface or along a rope. The writer cannot recall having seen in nature 
a wave traveling toward the source. The first such wave to be observed 
was the movement along the cochlear partition ina human ear. For this 
reason such mechanical movement seems paradoxical. 

In the study of electrical transmission lines, however, the situation is 
altogether different. There it is known that in a ladder-type high-pass 
filter the phase of the continuous sinusoidal output voltage of each section 
is advanced relative to the input voltage of the same section. Figure 
12-39b shows a ladder type of high-pass filter with the generator voltage 
located on the left. With each increase in the number of sections from 
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the generator along the transmission line there is an advance in the phase 
of the voltage across the filter relative to the input voltage. If we assume 
that euch section advances the phase 30?, with the help of the familiar 
scheme in Fig. 12-39a we obtain the voltage pattern along the transmission 
line at a given instant, as indicated by the solid line in Fig. 12-395. If we 
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Fig. 12-39. Patterns of voltage waves in transmission lines. (a) is a schema for deter- 
mining the voltage pattern at any instant. (b) represents an iterative high-pass filter, 
with the solid curve giving the voltage pattern at a given instant and the broken 
curve this pattern after the time axis has rotated 30°. (c) represents similarly a low- 
pass filter. 


wait until the time axis has rotated 30? and repeat the procedure, the volt- 
age pattern along the transmission line will be represented by the broken 
sinusoidal curve. When we compare the solid line with the broken line, 
We see that the electrical wave pattern along the transmission line moves 
toward the voltage source. The same procedure applied to a low-pass 
filter, however, yields a wave pattern moving away from the source, as 
seen in Fig. 12-39c. Thus we see that in electrical transmission lines 
there are spatial wave patterns that move either toward or away from 
the source, 
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Since every electrical system has an analogous mechanical system, it 
should be possible to produce spatial wave patterns of both kinds 
mechanically. In Fig. 12-40 the rectilinear analogy of high-pass filters 
and low-pass filters is reproduced according to Olson. It is not surprising 
that in rectilinear movement in general we do not see waves that travel 
in the direction of the source, for a rectilinear high-pass filter is a compli- 
cated and unusual lever construction. On the other hand, the rectilinear 
analogy of the low-pass filter is a common mechanical structure, easy to 
build and easy to find. Every body with mass and elasticity acts as a 
low-pass filter and its analogies, where the traveling waves move away 
from the source. 

Because waves moving toward the source are so seldom encountered, 
it was of interest to demonstrate them in a high-pass transmission line. 
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Fio. 12-40. Mechanical analogies of high-pass and low-pass transmission lines. 


The y axis of an oscilloscope was connected by a moving contact to one 
section after another of the filter (Fig. 12-41), and at the same time the 
spot of the oscilloscope was displaced along the x axis in linear steps with 
ü second contact moving along a potentiometer. In general, as was 
found in Fig. 12-39, ten discrete dots were enough to show the direction 
of the displacements of the electric voltage wave along the transmission 
line. The frequency of the input voltage was 14 eps; 10-uf condensers 
were used. In place of expensive inductors, 100,000-ohm resistors were 
used. A potentiometer adjustment made all the excursions equal on the 
y axis. The rotating contacts swept along the whole transmission line 
ten times per second to make the spot of the oscilloscope free of flicker. 

Mechanical Model with Traveling Waves Analogous to Those Observed 
in the Cochlear Partition. At first glance the cochlear partition appears 
to behave under stimulation like a transmission line. But from the 
electromechanical analogies it is apparent that it is not simply a high- 
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pass transmission line; we must look for other ways of explaining why the 
waves travel toward the vibrating source. 

The cochlear partition closely resembles a ladder type of transmission 
line with driving forees that are not exerted on the first section alone but 
on every individual section. This corresponds to the situation repre- 
sented in Fig. 12-38, where the fluid pressure produced by a displacement 
of the stapes spreads out over the whole area of the cochlear partition. 
The magnitude of the driving force is not uniform along the whole 
partition; in general, the forces are greatest near the pressure source. 
Our problem, therefore, is to explain how it is possible that the waves in 
the cochlear partition do not always travel away from the point of maxi- 
mum driving pressure but may travel toward it. 

To facilitate the experiments it seemed desirable to find an analogous 
mechanical system with traveling waves having similar properties. It 
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Fia. 12-41. Method of observing the movements of voltage waves in a high-pass trans- 
mission line. 


was found that a system made up of a single line of tuned resonant 
reeds, as in a Frahm frequency meter, with each reed coupled to its 
neighbor, produced traveling waves similar to those seen in the cochlea 
of a living guinea pig. Each reed was a flat steel spring witha small mass 
on its top; the size of the mass was varied to adjust the tuning of the 
reeds. The lower ends of the reeds were attached to a longitudinal 
vibrating support (Fig. 12-42) with both ends mounted on rubber springs 
in such a way that the support was able to rotate on its axis without 
lateral movement. The support could be clamped to a heavy metal 
block when the design of an experiment called for a fixed support. — 
There were three ways of setting the reeds in vibration. First, if the 
driving force was to be applied to a single reed, a rod driven by an 
electrodynamie system was clamped to the reed. Second, if the force 
was to be applied with equal strength to all the reeds, the same driving 
rod was attached to a lever connected to the vibrating support (Fig. 
12-42). And third, if the driving force was to be applied to a given 
smaller or larger section of the reeds, an electromagnetic system was 
employed. It consisted of an iron core, magnetized with direct and 
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alternating current, with a slit close to the steel spring of the reed. 
When the electromagnet was used, the vibrating support was clamped to 
the metal block to minimize interaction between the reeds. 

'Two different types of coupling between the neighboring reeds were 
used: elastic coupling and combined mass-and-frietion coupling. Elastie 
coupling was obtained by winding a single soft rubber strand with a 
diameter of about 1 mm in and out between the reeds, as shown in Fig. 
12-42. Combined mass-and-frietion coupling was obtained by partially 
immersing the whole row of reeds in water or in oils of various viscosities. 
The degree of coupling was varied by changing the height of the rubber 
€ or the height of the surface of the fluid above the footpoint of the 
reeds. 


Bearing 
Fra. 12-42. Arrangement of reeds to demonstrate iraveling waves. 


This model has the properties of the cochlear partition with respect 
to the direction of the travel of the waves. If the height of the rubber 
strand decreases continuously from one end to the other, traveling waves 
appear which move from the stiffest part of the system, at the highest 
position of the rubber strand, to the more flexible part. This is, to a 
large degree, independent of the distribution of the driving forces along 
the reeds. As in the cochlear partition, the wavelength is greatest along 
the stiff parts of the system and decreases more and more as the waves 
approach the more elastic parts, until they are completely absorbed. To 
illustrate this behavior a drawing was made under stroboscopic illumina- 
tion of the white tips of the continuously vibrating reeds. The pattern 
of displacement of the tips may be seen in Fig. 12-43a to d. Figure 
12-43a shows the displacement pattern when the driving force was 
acting on only one reed, which here was the reed at the end of the stiffer 
section. . In Fig. 12-43b the force was applied to the more flexible 
section, in Fig. 12-43c to the stiff section, and in Fig. 12-43d the driving 
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force was distributed equally along all the reeds. As we see, the differ- 
ences between the four patterns is small, and the waves may travel 
toward the driving forces. 

In Fig. 12-43b there is a small wave traveling toward the stiff part, 
which is reflected near the stapes and produces a standing wave near the 
stapes. Its amplitude, however, is small compared to the amplitude of 
the waves traveling toward the driving force. The four vibratory 
patterns are even more similar when the height of the rubber strand 
coupling the reeds starts to decrease immediately near the stapes, corre- 
sponding to the situation in the basilar membrane. In this case the 
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Fra. 12-43. The upper drawing shows how the rubber band was interlaced among the 
reeds to give coupling that produced traveling waves like those of the cochlea. The 
waves shown below represent different ways of actuating the system. In (a) vibra- 
tions were applied to one reed on the right, in (5) to the more flexible half of the reeds 
on the left, in (c) to the stiffer half of the reeds on the right, and in (d) to the support. 


section with the standing wave is so short that the wave can hardly be 
recognized. To make it more easily visible, a section with constant 
coupling was introduced near the stapes. 1 X t 

The next step was to investigate the dynamic properties of this model 
and to try to account for the paradoxical direction of traveling. 4 

Conditions Necessary for the Formation of Traveling Waves in the 
Model. A sinusoidal force applied to the model described does not 
hecessarily produce traveling waves. Sometimes a whole section of 
reeds is simultaneously displaced near the place at which the force is 
applied, but no waves can be seen. The main characteristic of a wave isa 
difference in phase between the movements of neighboring parts of a 
system. A number of conditions must be fulfilled before a phase differ- 
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ence can be produced. For instance, let us examine two neighboring 
reeds connected by a rubber strand as shown in Fig. 12-42. The reeds 
are kept in their zero position by elastic forces, and if a neighboring reed 
is displaced, the rubber strand will pull on the observed reed. With slow 
displacements all the forces acting on the reed are purely elastic. There 
is no important difference between the static deformation pattern along 
the reeds and the pattern produced by slow oscillations. In both cases 
all the displacements occur simultaneously, and no waves can be seen. 

As the driving frequency is increased, the reeds lose their purely 
elastic behavior; and above the resonant frequency the reeds act like a 
mass. Therefore, at driving frequencies higher than the resonance 
frequency of the reeds, the elastic 
forees of the rubber strand effec- 
tively interconnect the masses. In 
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Fic. 12-44. Effects of driving the reed 
system at frequencies above and below 
the common resonant frequency of 66 eps. 


and the exact resonance frequency 
of the series of equally tuned reeds 
was observed. After this, the sin- 
gle rubber strand was inserted be- 
tween the reeds, and the resonance 
frequency again was determined. 


For a resonance frequency of 65 
eps the change was less than 0.1 eps. This proved that the rubber 
strand had a negligible mass, and when it was used as a coupler between 
the reeds only its elasticity played an active part. 

To test this conclusion, the driving rod in Fig. 12-42 was attached to the 
extreme left side of the series of equally tuned reeds, and the momentary 
pattern of vibration was observed stroboscopically for various frequencies. 
The sketches in Fig. 12-44 offer experimental proof of the conclusion 
that traveling waves occur only when the frequency of the driving force 
is higher than the resonance frequency of the reeds. It should be pointed 
out how much more quickly the wavelength decreases with increasing 
frequency in the reed system than in a homogeneous medium. If the 
driving force has exactly the frequency of resonance of the reeds, the 
wavelength is infinitely long. 
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A simple demonstration set up for the same purpose can be seen in 
Fig. 12-45. It consists of a series of pendulums of equal length coupled 
by small masses hanging between them. In this special case gravity 
acts as an elastie restoring force for the mass of the pendulum and the 
coupling. The swing of the heavy pendulum on the right was used as a 
generator, and no waves were produced when the generator pendulum 
was longer than the other coupled pendulums. 

If we now leave elastie coupling and investigate mass coupling, we 
expeet a different situation. In mass eoupling there should be no 
traveling waves for driving forees above the resonance frequency, 
because at this frequency the reeds 
act as a mass so that the whole 
system consists of masses without 
springs. At frequencies below the 
resonance point the reeds act as 
springs, and wave motion is possi- 
ble. When the reed system is im- 
mersed in a fluid, we have a com- 
bined friction-and-mass coupling. 
As can be seen from Fig. 12-46, 
downward displacement of the 
reeds on the right creates suction 
on the upper sides of the reeds 


Fra, 12-45. A pendulum model to demon- Fie, 12-46. Interaction of the reeds im- 
strate the effects shown in Fig. 12-44. mersed in water as a result of mass 
coupling. 


and pushes the neighboring reeds upward. With elastic coupling the 
neighboring reeds would move in the same direction as the driving 
reeds. This reversal in the direction of the coupling forces changes the 
traveling pattern so that now waves are produced for driving frequencies 
below the resonance point of the reeds. T he direction of the wave travel, 
however, is not changed. It is in both cases away from the vibrating 
source, as the experiment demonstrates, because in both cases we have 
the same type of alternating series of springs and masses. In one case, 
ks spring represents the coupling; in ihe other, the spring represents 
the reed. 

The sketch in Fig. 12-47a may serve to summarize what happens to a 
series of reeds whose resonance frequency continuously decreases from 
left to right. The relative position of the driving frequency is indicated 
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by the broken line. Figure 12-475 sketches the expected wave pattern 
for elastic coupling with all the displacements in phase between the stapes 
and the resonant reed. Figure 12-47c sketches the expected wave pattern 
for mass coupling; the wavelength decreases from the stapes to near the 
resonant reed, but from there to the 
helicotrema no waves can be seen. 
The actual cochlea is a combina- 
tion of both kinds of coupling. 
Near the stapes elastic coupling 
seems to predominate, whereas 
near the helicotrema perhaps mass 
coupling plays the more important 
! role. 
| There is one more limiting con- 
BUT m dition for the appearance of travel- 
Ne neh eain ing waves. If all the reeds are 
| equally tuned and driven simul- 
Elostic coupling taneously with the same constant 
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Woves | —> Deformation same manner without phase differ- 
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i Moss coupling To produce waves, therefore, there 
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on t erage waves in systems Or asymmetry inthesystem. ‘This 
coupling. The Ben aud (e) pu can be obtained by a spatial change 
tive to th frequency af the dii adi in the amplitude or phase of the 
is shown in (a). € driving force, by the tuning of the 
E eee reeds, or by the degree or type 
RA A oe between the reeds. We can get waves immediately if 
inte ot the reeds on either side is put in a fixed position. But more 
Whee is the effectiveness of a change in the degree of coupling. 
pi m constant, driving force was applied to the whole series of reeds, 
i is Ing waves were obtained with large amplitudes when the height 
qn dix Strand (Fig. 12-42) was given a discontinuity or was 
Carat continuously, The last case produced especially beautiful 
diei ded waves similar to those found in the cochlea, so that we expect 
ba ere too the continuous change in coupling from the stapes to the 
elicotrema may play a role in the production of the waves. 
en the resonance frequency of the reeds and the driving force were 
constant along the whole series, a sudden change in the degree of the 
Feci produced waves whose amplitudes increased with the size of the 
6 ange In coupling (Fig. 12-48). The waves traveled in both directions 
rom the place of the discontinuity of the coupling, as if the driving 
force were acting not equally on all the reeds, but only on a single one 
at the locus of the discontinuity. 
Formation of the Paradoxical Direction of Traveling Waves. Two 
Sets of tuned reeds were made in order to investigate the paradoxical 
Waves. One was made with constant tuning and the other with con- 
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tinuously decreasing resonant frequencies. In both sets the coupling pro- 
duced by a rubber strand above the footpoint of the reeds was decreased. 
By appropriate adjustment of the slope of the rubber strand, traveling 
waves with an amplitude and phase distribution similar to those in the 
human cochlea were obtained in both models (page 462). The following 
experiments were performed on these two models. 

First, it must be pointed out that when the driving force was applied 
to a single reed only, either on the more flexible side (corresponding to 


the part of the cochlear partition near the helicotrema) or on the stiff 
side (corresponding to the part near the stapes), there was no paradoxical 
wave. ‘The waves always traveled away from the driving source. How- 


ever, when the driving force was applied to a greater length of the reed 
system, the paradox was usually apparent. 

In both the model and the living cochlea it seems that the stiffer part 
of the system drives the more yielding part. ‘This view is corroborated 


- 


nge 
coupling i 
Fro. 12-48. Traveling waves produced by a change of coupling. 


by the fact that pressing damping material against the vibrating stiffer 
parts also immediately decreased the amplitude of the waves in the 
more flexible parts. But, when the damping material was applied to 
the more flexible parts of the system, the effect on the stiff parts was 
small. This argument holds true even for smaller sections of the parti- 
tion. However, it must be pointed out that along a small section of the 
system the damping of the traveling waves is slight, and for this reason, 
at certain frequencies, the reflection of the waves from both ends of the 
Section will produce standing waves. In some frequency ranges these 
standing waves may distort the amplitudes along the section. — 
Our problem is to determine why it is that, with a broad distribution 
of the driving forces along the system, it is primarily the stiffer parts 
of the system that are set in motion, so that the waves move from there 
to the more elastic parts. As far as the writer can see, three effects 
combine to produce this phenomenon: (1) there is a cancellation of the 
driving force for the section of the system with short waves; (2) the wave- 
length along the system decreases rapidly; (3) as waves travel from the 
stiff parts to the more elastic parts the amplitude of their displacement 
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increases, much as the movements of air particles in a loudspeaker horn 
become greater as the diameter of the horn is increased. 

The cancellation effect of the driving force is summarized in Fig. 12-49, 
which shows the wave at a given instant. As can be seen from drawing 
a, the amplitude of the wave is reinforced as long as (1) the force is at an 
appropriate position with respect to the wave, and (2) the section upon 
which the force acts is smaller than or equal to half the wavelength. 
With a further increase in the length of the section driven, the total 
reinforcement starts to decrease, and becomes zero when the length of 
the section upon which the force acts is equal to the wavelength. A 
still further increase in the length of the driven section will make the 
reinforcement go alternately through a maximum and through a mini- 
mum, as can be seen in drawing b, where large sections of the driving 
forces are canceled out. When the wavelength is greater than the linear 
extent of the system to which the force is applied, as in c, there is no 
cancellation of the driving force. 
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Fic. 12-49. In (a) the driving force acts on a section of the wave equal to the half wave- 
length. In (b) it acts on a section greater than the wavelength. In (c) it acts on & 
section smaller than a half wavelength. 


The paradox of the direction of the traveling wave results largely 
from the fact that in a system like the series of reeds, coupled elastically 
or by masses and frietion, and in a system like the cochlear partition, 
the wavelength drops quickly from a given value to a very small value, 
so that the situation represented in Fig. 12-49b is immediately adjacent 
to that of Fig. 12-49c. When this occurs, the section at one end of the 
System is completely under the control of the driving forces, whereas 
the other section is free in spite of the large driving forces, because these 
cancel each other out. i 
1 It is probable that in all systems where for a certain frequency there 
is a rapid change in the wavelength during travel, the paradoxical diree- 
tion of travel may be expected. In our system of coupled reeds, as can 
be seen from Fig. 12-44, the wavelength is infinitely long for 66 cps and 
drops to 18 em at 67.5 eps; this change occurs for a change in frequency 
of 2 per cent. A further change of 20 per cent will reduce the length to 
one-fourth. In the cochlea of a living guinea pig and in preparations of 
the human temporal bone, the changes in wavelength are similar. 
seems reasonable, therefore, to assume that the section near the stapes 
receives the energy from the driving force and transmits it to the more 
yielding parts of the partition. 
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To show how the traveling waves are formed, use was made of a 
system of equally tuned reeds with a rubber strand increasing con- 
tinuously in height from one level to another as shown in Fig. 12-50a. 
The length of the electromagnetic 
driving unit is represented by a heavy Helicotrema Qmm 
ie tte ie fu var od. a 
tions of the same driving unit. At 


the extreme left, the whole driving (¢) ———, 
unit is in a section where the height 


of the rubber strand is constant. No en, as 
ee eee 

waves are produced because only a te 

change in the coupling would produce Quen s 


a wave (Fig. 12-50b). When the (g) LLLI DEI S reram T MM BUE LEUR 
driving unit is pushed farther to the 

right, the waves moving to the left =a 
inerease in amplitude and mask all (e) Kec EET 
other waves (Fig. 12-50d). They — 
reach a certain maximum (Fig. (jj ——— mm 
12-506), and from there on the ampli- 

tude of the traveling waves decreases ^ = 
slightly because the reeds become 7 = ae 
stiffer and stiffer. As can be seen in ———— 
Fig. 12-50, in only one position of the (4) —————— 
driving unit was it possible to see à Fre. 12-50. At (a) is shown the form of 
small wave moving toward thestapes; elastic coupling of the reed system. 
in all other situations the waves were aren eh cic 
en pns BW. from the grt different sections as indicated by the 
i e more flexible part. Dur- heavy lines. 

ing the lateral displacement the elec- 

tromagnetic driving force exerted on the reeds was kept constant. 

The above-mentioned horn effect, which once more places the emphasis 
on the waves traveling toward the more flexible parts, can be seen in 
Fig. 12-504. Because of the stiffness of the reeds on the right side the 
amplitude of the traveling waves is small at first but increases as the 
waves reach the more flexible part of the system, until the wavelength 
becomes small and the waves are absorbed. j 

The increase in the amplitude during traveling is a transformation of 
small movements and large forces near the stapes into large movements 
and smaller forces near the helicotrema. The energy of the wave 
remains nearly constant. ; 

To complete the picture of the formation of traveling waves for the 
same system of reeds, the driving unit was placed at the extreme left, 
middle, and extreme right, and the vibratory pattezn was recorded 
(Fig. 12-51) while the driving frequency was being increased. When 
waves could be seen, they were traveling toward the more flexible parts 
of the reed system. 

The same experiments were repeated with a series of reeds that were 
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weighted on the ends with small lead balls. The resonance frequeney 
of the reeds diminished as the height of the rubber strand decreased. 
No change was found in the essential behavior of the system. When 
the elastic coupling was removed and the whole system of reeds was 
immersed in fluid, similar vibratory patterns were obtained, except that 
the waves showed considerable damping. 

In conclusion, it is necessary to point out that paradoxieal wave travel 
was observed only when the driving forces were applied to a large section 
of the reeds. The paradox is described only for continuous stimulation 
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Fro. 12-51. Effects of varying the frequency of the driving force, with three different 
positions of driving as indicated by the heavy lines at the top. 


where the so-called phase velocity of the traveling waves is seen. Waves 
produced by a sharp click, where so-called group velocity is seen, are not 
considered. 


SIMPLIFIED MODEL TO DEMONSTRATE ENERGY FLOW AND 
TRAVELING WAVES* 


Our concepts of waves have developed mainly from our experience 
with waves on the surface of fluids and waves of light, where the so-called 
geometric rules of opties seem to be particularly applicable. Ordinarily 
the waves we deal with are propagated in or along a homogeneous 
medium. In the basilar membrane, however, the waves travel along & 
medium that changes its physical properties continuously. Experiments 
show that under these conditions the familiar rules of wave propagation 
may lead to wrong conclusions. 

Let us consider, for instance, a well-known demonstration used to 
show the diffusion between two fluids. As can be seen in Fig. 12-52, ^ 
concentrated copper sulfate solution is placed in the bottom of a plane- 
parallel glass trough, and on top of this a layer of plain water is floated 
slowly in order to avoid any turbulence. In a short time the copper 
sulfate diffuses into the water, and the color of the mixture shows à 
continuous transition. If a small horizontal light beam enters the 


* Article 78 as listed in the Author's Bibliography. Published in 1956. 
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trough close to the bottom, it crosses the trough without any change 
in its direction of travel. But if the light beam enters the trough at a 
level at which the diffusion is taking place, then, as Fig. 12-52 shows, the 
light beam is deflected downward, in spite of the fact that the index of 
refraction in the horizontal plane is constant (O. Wiener). The deflection 
increases with the gradient of the vertical change in the refractive index. 
Thus the simplified geometric concept of wave propagation is not 
applicable. 

A similar phenomenon occurs in the propagation of sound waves 
above the heads of the audience in a concert hall. It is interesting to 
rise from one’s seat on the floor 
of a concert hall during a concert. 
At a point about 50 em above the 
heads of the audience the loudness 
of the music increases noticeably, 


Sound wave 
omm, 383511333 
solution Audience in the pit of a theater 
Fra, 12-52. Deflection of a light beam ina Fia. 12-53. Deflection of sound waves 
region of diffusion, near an absorbent layer. 


in spite of the fact that there is no visible obstacle between the per- 
former and the seated listener. It is possible to show experimentally 
that the mere presence of an absorbing layer parallel to the pathway 
of the sound decreases the amplitudes of the sound waves (page 395) 
and deflects them from their straight path of propagation (see Janovsky 
and Spandóck; and Fig. 12-53). 


Scola vestibuli 
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footplote 


Scala tymponi 
Fre. 12-54. Schematic drawing of the cochlea. 


In both these examples the continuous change in the medium is 
perpendicular to the direction of propagation of the waves. In the 
cochlea, however, the continuous change takes place along the direction 
in which the waves travel, and under these circumstances the phenomena 
are even more complicated. A schematic drawing of the cochlea is 
presented in Fig. 12-54. The alternating air pressure 1n the meatus 
sets the eardrum and then the stapedial footplate into vibration. These 
vibrations are transmitted to the fluid that surrounds the basilar mem- 
brane. Under stroboscopic illumination the traveling waves of the 
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basilar membrane can be observed in living guinea pigs and in prepara- 
tions of the human temporal bone (page 441). They can also be cal- 
culated.* The question that concerns us here is whether pathological 
changes in the basilar membrane are likely to cause changes in the 
traveling waves. For instance, if the part of the basilar membrane close 
to the stapedial footplate becomes solidified, how will this affect the 
movements at the other end of the basilar membrane? According to 
Helmholtz’s conception, each section of the basilar membrane moves 
fairly independently, without strong coupling with its neighbors. Each 
section is assumed to receive its energy directly from the fluid pressure 
acting on it, and solidification of one part of the membrane would not 
have much effect on the movements of another part. If, on the other 
hand, the coupling between the adjacent parts of the basilar membrane 
is strong, we should expect a traveling wave to occur analogous to the 
waves observed on ropes. Then if the wave were stopped at any point 
along the basilar membrane, no further waves would be propagated. 
Wever and Lawrence (1) were interested in this question, and they put 
it in this form: Does one section of the basilar membrane receive its 
energy from the surrounding vibrating fluid or from its neighboring 
section of the membrane? In Fig. 12-54 these two paths of energy u ptake 
are represented by solid and dotted arrows. 

In order to investigate in detail the ramifications of this problem, à 
mechanical model was constructed in which the movements were large 
enough and slow enough to be observed with the naked eye. 

Description of the Model. A sudden displacement of the stapedial 
footplate in the direction of the helicotrema (to the right in Fig. 12-54) 
produced a compression wave in the vestibular fluid column of the 
cochlea, and this wave traveled away from the stapes. This driving 
pressure wave produced a pressure difference between the vestibular and 
tympanic sealae of the cochlea, which in its turn set the basilar membrane 
in motion and produced a transverse wave in the basilar membrane. 
As pointed out earlier, these two waves are present simultaneously 
(Peterson and Bogert). On the model illustrated in Fig. 12-55, the 
compression wave in the scala vestibuli is represented by a torsion wave 
along a stretched steel wire. As can be seen on the right of the drawing, 
brass T-shaped tubes with small balls on the ends of the two arms were 
attached to the wire. By increasing the mass of the balls and the length 
of the arms, it was possible to slow down the speed of the torsion waves 
until they could be followed with the naked eye. The basilar mem- 
brane with its continuously varying stiffness was represented in the 
model by a set of pendulums continuously graduated in length an 
suspended from the vertical branch of the T tube. The pendulums 
could swing completely free, or each could be coupled to its neighbor 
by means of small balls suspended from threads between the pendulums 
(see Fig. 12-55). When the coupling balls were close to the masses. 
of the pendulums the coupling was strong, and when they were close to 
the suspension the coupling was weak. 

* See Ranke, Zwislocki, Peterson and Bogert, Bogert, Licklider, Fletcher (6). 
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T-tube with masses 


Fic. 12-55. Pendulum model. Note that the pendulums vary in length and are 


coupled by small balls. 


A torsion wave along the stretched wire displaced the suspension and 
set the pendulums in motion. Increasing the distance between the 


point of suspension and the axis of the wire 
increased the driving force acting on the 
pendulums. Torsion waves were produced 
in the wire either by a heavy driving 
pendulum or by an eccentric wheel moved 
by a synchronous motor at a constant 
speed. 

In this kind of model two waves could 
be seen, the driving torsion waves of the 
wire and the waves of the pendulums pro- 
duced by the torsion wave. The torsion 
waves had a constant wavelength, but the 
pendulum waves were longer near the short 
pendulums and shorter near the long 
pendulums where the coupling was smaller. 
Both waves traveled away from the driving 
pendulum, : 

In the cochlea itself, the speed of the 
driving compression waves is much higher 
than the speed of the waves observed along 
the basilar membrane. At 1000 cps the 
ratio in the human cochlea is more than 
20:1. Accordingly, the speed of the tor- 
sion waves of the model had been made 


Fic. 12-56. Revised form of the 
pendulum model. A is a solid 
cylinder through which the 
pendulums are driven. 


infinitely large by substituting for the stretched wire a solid cylinder 
oscillating around the axis of the wire (see Fig. 12-56). With this 
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change the driving force of the pendulums had the same magnitude 
and phase along the whole line of pendulums. In Fig. 12-56 the dotted 
arrows represent the flow of energy from the fluid of the scala tympani 
direetly to the different sections of the basilar membrane, and the solid 
arrow represents the flow of energy along the basilar membrane. 

The specifications for the model are as follows: number of pendulums, 
48; length of shortest pendulum, 43 em; length of longest pendulum, 
53 em; distance of suspension from axis of driving rod, 4.5 cm; period 
of driving force, T = 1.35 sec; mass of the pendulums, 35 grams; mass 
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30 40 50 sec 


Ma. 19.87 Six successive views E i i i 
Fio. 12-57. Six successive views of a series of graduated pendulums without coupling. 
An impulse was imparted through the driving rod on the right. 


of the coupling balls, 3.5 grams; height of the coupling balls above the 
shortest pendulum, 3 em; height of the coupling balls above the longest 
pendulum, 35 em; distance between the pendulums, 5 em. 

Traveling Waves in a System of Pendulums with No Coupling. Let 
us first consider the situation in which there is no energy transmission 
from one pendulum to its neighbor because there is no coupling between 
them. This situation was obtained on the model by raising the sus 
pensions of the coupling balls until they reached the suspension point 
of the pendulums. ‘The systems then consisted of a series of free pen- 
dulums of continuously increasing length. 

If the driving axis was suddenly rotated a few degrees, all the pen- 
dulums were activated at the same moment, and they began to swing: 
Since each pendulum had a different period of oscillation, a phase dif- 
ference soon developed, and the pendulums were no longer in a straight 


WAVE MOTION IN THE COCHLEA 529 


line. With time this phase difference increased, and an observer had the 
impression of waves traveling from the shorter pendulums to the longer 
ones. The striking phenomenon was that the wavelength decreased 
continuously with time. Figure 12-57 shows a series of photographs 
taken at 10-sec intervals from a motion picture. Shortly after the 
pendulums received one push, only one half-wave was seen, but after 
50 sec five full-waves were visible. It was surprising to notice that 
when the waves reached the end of the pendulum series there was no 
reflection at all. But this agrees with 
the fact that when there is no coupling 
no energy is transmitted from one 
pendulum to its neighbor. 

This shortening of the wavelength 
with time after a sudden push is not 
observed in the cochlea. Certainly the 
damping in the cochlea is larger than 
in the model; nevertheless, when the 


Frc. 12-58. A system containing pendu- Fra. 12-59. A system containing two 
lums of equal length. No waves are lengths of pendulums. Note that 
formed. waves arise at the place where the 


change in length occurs. 


basilar membrane is plucked, two full periods of vibration can be 
observed on an oscilloscope that records the aural mierophonies (page 
644). This would be time enough to observe a decrease in wavelength 
if there were one. From this we have to conclude that there is an 
appreciable amount of coupling in the basilar membrane. x 
Generation of Waves. ‘The waves are produced by the phase differ- 
ence between adjacent pendulums (Fig. 12-57). If all the pendulums 
are of the same length, there is no phase difference between them, and, 
as can be seen in Fig. 12-58, they merely swing back and forth in a line, 
irrespective of the height of the coupling balls. The waves originate 
only at the place where there is a change in the length of the pendulums. 
In order to show this more distinctly, the right-hand half of the pen- 
dulums were made a constant short length, and the left-hand half were 
made a constant longer length (Fig. 12-59). The driving rod began to 
oscillate at the moment ¢ = 0, and, as can be seen from the prints made 
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from a motion picture, two waves were formed that traveled rom 
the point of dis tinulty, the one traveling to the right i ng 
wavelength and the » the left with à much f ath 
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mate and form the final visible wave. When the lengt X the 


pendulum increase continuously, each section contributes to ti formā- 


ion of traveling waves The final wave is illustrated in Fig 12-60, 
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Fro. 12-60. When the length of the pendulums changes progressively there is a summa- 
tion of the effecta of these changes, and a traveling wave forms with a maximum in one 
place 

i 


where the wave moves from right to left and reaches its maximum ampli- 
tude in the middle of the series. These pictures were taken at -set 
intervals during steady continuous oscillation. They show a wave 
pattern similar to that observed in the cochlea. If the frequency of the 
oscillations was increased, the maximum of the amplitudes moved to 
the right, thus transforming the frequency change into a displacement 
of the place of maximal amplitude. Since the pendulum series Was 
relatively short, reflections could not be avoided at both ends of the 
series, and standing waves could arise. 

If we now go back to Fig. 12-59, we can see that every change in the 
stiffness distributes the energy along the series of pendulums. This 
distribution takes the form of waves, and therefore the energy may move 
a long way if the damping of the waves is not too strong. : 

Energy Transmission to Different Parts of the Membrane. From 
the previous discussion it is seen that a pendulum receives part of its 
energy from the oscillating driving rod directly (dotted arrows in Fig. 
12-56) and part from its neighboring pendulums (solid arrows). The 
question therefore is, which part is the larger? In the model the move- 
ments of all the longer pendulums could be stopped by pressing against 
them with a wooden bar covered with foam rubber, as shown in Fig. 12-01. 
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Still another way to show that the energy of a pendulum tends to 
flow in the direction of the longer pendulums is to give à small section of 
the pendulums a push and then to observe the direction of the waves 
thus produced. The ten longest pendulums were displaced slightly and 
then suddenly released. As can be seen in Fig. 12-63, the potential 
energy of this section did not produce a wave of large amplitude traveling 
toward the shorter pendulums, but, as the picture taken 20 sec after the 
release shows, the longest pendulum had the largest excursion. 

If the damping of the pendulums was increased by letting them swing 
In water or oil, the energy transmitted from one pendulum to its neighbor 
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soon diminished. But the general trend was still the same, and when 
the coupling between the pendulums was increased, the wavelength 
increased, and with it the distance the energy traveled. 

Paradoxical Waves. The tendency of energy to flow from shorter to 
longer pendulums as a result of coupling leads to some surprising phe- 
nomena. In the experiments described above, the length of the driving 
lever (the distance between the axis of the driving rod and the suspension 
in Fig. 12-55) was the same for all the pendulums. It was possible, 
however, to increase the length of the driving lever of the longer pen- 
dulums relative to the shorter ones without changing the direction in 
which the waves traveled. Now the traveling waves moved toward 
the place where the driving amplitude was higher. This is a startling 
phenomenon, for we are accustomed to seeing waves move away from 
the source of sound or vibration. In the experiment illustrated in Fig. 
12-64, the same set of pendulums was fixed in an arched curve on the 
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Fig. 12-63. The effects of delivering an impulse to the series of longer pendulums. 


oscillating driving rod in such a way that the force acting on the pendulum 
doubled in size every twelfth pendulum, counting from the shortest one. 
Since the model contained forty-eight pendulums, the driving force 
aeting on the longest pendulum was sixteen times larger than the driving 
force acting on the shortest. Although a large amount of energy was 
transmitted directly from the oscillating suspension to the long pendu- 
lums, the waves still traveled in the same direction as before, i.e., from 
the shorter pendulums to the longer ones, and with a similar pattern 
and only a slight displacement of the place of maximal amplitude. Any- 
one watching the waves received the impression that it would take & 
much greater inerease in the driving force to reverse the direction of the 
traveling waves. 

The model represents only a small section of the actual cochlea: 
Because this unequal distribution of the driving forces did not change 
the direction of the traveling waves in the model, it is not surprising that 
in the cochlea, too, the direction of the traveling waves is to à hig 
degree independent of the location of the driving forces. Actually, this 
phenomenon was first observed on a preparation of the human cochlea 
(page 425). As shown in Fig. 12-54, substitution for the stapedial foot- 
plate of an artifieial stapes at the other end of the basilar membrane 
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(dotted drawing to the right) changed the sensitivity but not the direction 
of the traveling waves, and beyond this no change was observed under 
the microscope. Wever and Lawrence (1) recorded microphonics to 
indicate the vibrations of the basilar membrane and came to the same 
conclusion. Two mathematical interpretations of the phenomena were 
presented by Zwislocki (3), one using Hamilton’s principle. Some 


e 


Fic. 12-64. A special arrangement of the pendulums to give progressively larger driving 
forces to the longer pendulums. 


experiments designed to explain this phenomenon were reported above 


(page 517). > 

Wave Patterns Corresponding to Pathological Conditions. The 
pendulum model is especially suited to the investigation of the effect 
on the general wave pattern of local disturbances such as those found in 
pathological ears. As Fig. 12-61 shows, stopping a large section of the 
longer pendulums (analogous to the area near the helicotrema) did not 
deerease the vibratory amplitude of the shorter pendulums (those near 
the stapes). But if a section of the shorter pendulums was stopped, as 
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shown in Fig. 12-62, the amplitude decreased to about one-third of its 
earlier value. The largest changes in amplitude occurred when a con- 
tinuous sinusoidal driving force was used and the pendulum with maximal 
amplitude was stopped. This is shown in Fig. 12-62, where the move- 
ment of all the pendulums to the right of the place of maximal amplitude 
was arrested. If only a small section of pendulums at the extreme right 
was stopped, the effect was smaller, unless phase reversal produced a 
cancellation of the waves. If the same section of pendulums was stopped 
but the driving frequency was changed, it was found that at some fre- 
quencies the cancellation was maximal and the vibratory amplitude was 
minimal. But a small frequency change often increased the amplitudes 
above their normal value. It is possible, therefore, that abrupt changes 
in the threshold of hearing with frequency may be due to such a situation. 
Heretofore, these changes in frequency sensitivity have usually been 
attributed to abrupt changes in the transmission characteristics of the 
middle ear. 

In order to evaluate the observations made on the model, it is important 
to remember that an amplitude decrease of 3:1 equals a change in 
threshold of only 10 db. Clinical threshold measurements are seldom 
more precise than +5 db. This fact limits the safety of speculations. 


CHAPTER 13 


FREQUENCY ANALYSIS AND THE LAW OF CONTRAST 


FREQUENCY ANALYSIS IN THE HUMAN COCHLEA* 


Preliminary to the direct determination of the distribution of ampli- 
tudes along the cochlear partition, an effort was made to discover the 


principal assumptions formed on psychological and physiological grounds 


concerning the distribution of stimuli and excitations. Beatty col- 
as shown in Fig. 13-1. There 


lected some of the relevant measurements, 
seem to be irreconcilable contradictions between these measurements and 
the direct observations. 
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Fig. 13-1. The resolution of frequency by the ear as determined by various methods. 


It first must be noted that Helmholtz's measurements of the spread 


of amplitude along the cochlear partition were based upon the onset and 
decay of pure tones. He assumed that the onset and decay times of 
pure tones in the ear were determined solely in a mechanical way, 
through resonance. ‘This assumption is à most improbable one from a 
physiological standpoint, for neural processes also have a certain latency 
and persistence. These relations are best appreciated if the mechanical 
stimulus is delivered to the surface of the skin rather than to the cochlear 
partition. In the skin it is possible with care to avoid all resonance 
phenomena. The latency obtained for the finger tip with a vibration 


* A portion of Art. 46 as listed in the Author's Bibliography. Published in 1944. 
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of 100 eps is shown in Fig. 13-2. The course of this curve shows a 
general resemblance to that obtained in hearing on the application of 
pure tones. These latencies may readily be measured by comparing 
the sensory intensity of a brief vibration or tone pulse with that of a 
long pulse in which the duration is sufficient to permit the sound to attain 
its full loudness. 

If the other measurements shown in Fig. 13-1 are compared with one 
another, they fall into two groups. In one group are phenomena that 
are not affected by the presentation of sounds to the other ear. In 
the other group are phenomena that remain the same regardless of 
whether the two interacting sounds are presented to a single ear or are 
presented separately to the two 
ears. For this latter group the 
discrimination of frequencies is 
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Fia. 13-2. Slow development of vibratory 

intensity as perceived on the finger tip 

after a sudden application of the stimulus. 


particularly good. Because the 
auditory nerve fibers from the two 
ears meet only at the higher levels 
of the nervous system it follows that 
these measurements reflect the dis- 
tribution of excitation in these 
higher neural levels. On the other 


hand, the measurement of increases in threshold for tones of different fre- 
quencies after fatiguing for 2 min with a tone of 800 eps reveals a change 
in the distribution of excitation in the endings of the cochlear partition 
itself. The fatigue effect of a prolonged stimulus is exerted upon the 
nerve endings, for the same effect can be produced by electrical stimula- 
tion of the neural tract. It is to be expected also that this sort of stimula- 
tion would produce a completely uniform distribution of excitation along 
the basilar membrane, as indeed the anatomical results suggest. 

The physiological and psychological observations made up to the 
present time indicate that in the cochlear partition there is a rough 
mechanical form of frequency analysis, which then is made more specific 
in the neural pathways. The form of distribution of stimulation along 
the cochlear partition is sharpened up in its transmission in the higher 
centers, and thus permits a sharper localization. It is not difficult to 
conceive of further experiments that would prove that a pure tone has 
a much more extensive representation on the cochlear partition than 
in the higher neural centers. 

T he loudness of a pure tone of high intensity gradually falls off in 
time on account of fatigue. As we have seen, this is a peripheral phe- 
nomenon. If beats are produced by means of a second tone of equ 
intensity, the stimulus magnitude fluctuates continually so that during 
the silent periods the nerve endings have time to recover. For 
this reason a beating tone produces hardly any fatigue. This char- 
acteristic of nerve endings can be made use of to show how far apart in 
frequency two tones must be so that their two regions on the cochlear 
partition will not interact, and they will be heard as distinct tones with 
no beating. As soon as the spatial separation becomes complete the 
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usual fatigue effects will again manifest themselves. Figure 13-3 shows 
that at 2000 cps the frequency separation must be about 500 cps before 
normal fatigue appears. Again we find a broad area of stimulation on 
the cochlear partition. 

Contrast Effect. If loudness is used instead of fatigue in the attempt 
to determine the distribution of stimulation, we find that higher nervous 
centers are involved. Loudness is always affected in some degree by the 
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Fic. 13-3. Fatigue effects of two beating tones as a function of frequency separation. 
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interaction of the two ears, and in this interaction the discrimination of 
frequencies is enhanced. The following experiment illustrates this 
point. Two series of tone pulses were presented with envelopes as 
nearly uniform in amplitude as possible and were alternated with one 
another as pictured in Fig. 13-4. If these two series had the same tonal 
frequency and were conducted to the same ear, the impression was 
essentially that of a continuous tone without variation in loudness. If 
the frequencies were not the same, loudness variations appeared as soon 


Time 
Fra. 13-4. Two series of pulses, with each pulse in a series filling the silent period 
between pulses in the other series. 


as the two tones excited separate portions of the nerve center for loud- 
ness, Then the two pulses could no longer be fused, but appeared in 
consciousness separately. The sizes of the loudness variations were 
Measured for various amounts of frequency separation and are shown in 
Fig. 13-5. It is clear that at 2000 eps a difference of 60 cps was sufficient 
to give a complete separation of the two pulses. Because there can 
no longer be any summation of their neural excitations, the two regions 
must be completely separated. In this experiment the pulses occurred 
at a rate of six per second. An amplitude modulation at this rate 
produces a broadening of the frequency of twofold, so that the frequency 
band is 12 eycles wide. 
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This sort of sharpening of excitation in the nervous system can readily 
be demonstrated for vision, as Mach has pointed out (cf. page 418). 
Here it is called visual contrast, and often it shows itself over the entire 
visual field. The illumination of a small spot on the retina produces a 
marked reduction in sensitivity in the remaining areas. This nerve 
action makes the retinal image appear to be much sharper than it actually 
is. Thus the large amount of stray light that is present, within the eye 
is largely inhibited through contrast (Tschermak-Seysenegg). This can 
be shown by throwing a bright beam of light on 
the blind spot. This spot is not seen, but nearly 
the whole visual field glows with stray light. 
The experiment can be carried out in a darkened | ARD 
room with two points of light placed horizontally 
about 50 to 60 mm apart. If now the right eye 


is closed and the left eye is fixated on the point 
al \ 45 
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pulses were presented at a rate of six 


per second, 


on the right from a distance of about 20 em, then the point on the left 
will give a strong illumination of the blind spot and will not be seen. 
If now there is a slight change in the separation of the two points 80 
that this point becomes visible, the stray light is markedly reduced. 
Figure 13-6 shows how the spatial distribution of the light intensity 
varies as the distance between the two points is gradually increased. At 
a distance of 50 mm the image of the bright point falls on the blind spot. 

However, this phenomenon of contrast is not restricted to the sense 
organs. It is even more prominent as a general characteristic of the 
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neural pathways, in the blocking of weak excitation by the nerves that 
are carrying stimulation. A similar mechanism of the nervous system 
accounts for the faet that a person is unable to think of two different 
things at the same time. 


CURRENT STATUS OF THEORIES OF HEARING* 


The words “theories of hearing" as commonly used are misleading. 
We know little about the functioning of the auditory nerve and even 
less about. the auditory eortex, and most of the theories of hearing do 
not make any statements about their functioning. Theories of hearing 
are usually concerned only with answering the question, how does the 
ear discriminate pitch? We must know how the vibrations produced 
by a sound are distributed along the length of the basilar membrane 
before we can understand how pitch is discriminated, and therefore 
theories of hearing are basically theories concerning the vibratory 
pattern of the basilar membrane and the sense organs attached to it. 

The problem under discussion is a purely mechanical one, and it may 
well seem, at least to the layman, that it can easily be solved by looking 
at the vibratory patterns in the cochlea. Unfortunately, this direct 
approach proves difficult, for without stroboscopic illumination and 
other special devices, it is hardly possible to observe any vibration in 
the nearly transparent gelatinous mass in the cochlea of a living organism. 

Various Vibratory Patterns of the Basilar Membrane. Reports of 
the various vibratory patterns of the basilar membrane that have been 
proposed thus far are to be found in textbooks on the psychology of 
hearing.| These reviews point up the differences between the various 
hypotheses, and some of them are highly critical. Indeed, they are so 
critical that they give the impression that the psychology of hearing is 
nearing the end of its productive period and entering a phase of uncon- 
structive criticism. It is desirable to show, therefore, how the various 
theories of hearing are interrelated, and how by manipulating two 
independent physical variables of the basilar membrane—its absolute 
stiffness and the coupling of adjacent parts—it is possible to obtain a 
continuous series of vibratory patterns each group of which is in agree- 
ment with one of the four major theories of hearing. We may proceed 
continuously from curves predicted by the resonance theory to curves 
predicted by each of the other three theories in turn. It is thereby 
shown that the various theories form one continuous series of vibratory 
patterns, The question is then, how is the basilar membrane displaced 
and how does it move during a sinusoidal vibration of the ossicles? 

Although the movement of a membrane depends on other factors as 
well, we shall turn our attention first to the elastic properties of mem- 
branes. Three elastic properties of the membrane in a cochlear model 


* Article 76 as listed in the Author's Bibliography. Published in 1956. 
aoe Stevens and Davis, Wever (3), Ranke (6), Wever and Lawrence (3), and 
uch (3). 
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can be varied: the absolute value of stiffness, the slope of stiffness along 
the length, and the coupling between adjacent parts. 

1. The absolute value of the stiffness of the membrane can be changed. 
If the membrane is stiff, a pressure difference across the membrane 
causes only a small displacement or deformation. 

2. The stiffness of the membrane can be constant, or it can vary along 
the whole length. The basilar membrane is stiffer near the stapes than 
it is near the helicotrema; for man and most other vertebrates, the 
stiffness near the stapes is about a hundred times greater than it is at 
the other end. 

3. The coupling between the adjacent parts of the membrane can be 
varied. In a membrane made of thin elastic fibers stretched across a 
frame, it is clear that if there is no coupling between one strand and its 
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Fig. 13-7. Patterns of deformation produced in different kinds of membranes on apply- 
ing force at a point. The membranes have different characteristics according to the 
four theories as indicated, 


adjacent strands, each strand can vibrate independently. The strands 
can be coupled by a thin sheet of rubber placed along the whole set. 
Then the coupling becomes greater as the thickness of the rubber sheet 
is increased. A membrane can also be made of a smooth sheet of rubber 
alone, without individual strands. 

These three possibilities can be expressed mathematically by saying 
that we have three independent variables for the elasticity of the mem- 
brane. There are two methods for investigating the effect of manip- 
ulating these variables on the vibratory pattern of a membrane. First, 
we can calculate the vibrations. Unfortunately this is a time-consuming 
job. Or second, we can construct a model of the cochlear membrane 
and vary its elastic properties. The author has made life-size models 
of the human cochlea and models that were larger. The enlarg 
models were constructed in the same way that full-scale ships are con- 
structed from small-scale models. As is well known, this kind of dimen- 
sional enlargement has proved highly successful. 
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Figures 13-7 and 13-8 show some of the effects obtained by varying 
the elastie properties of the membrane. Figure 13-7a shows a small 
section of the membrane model consisting of coupled strands acted on 
by a point force (needle tip). The absolute value of the elasticity of the 
different strands varies continuously from 100 to 1 from left to right 
along the membrane. Seen from the top, the deformation pattern is a 
group of elongated ellipses, the deformation spreading neither to the 
left nor to the right. The side view shows this limited lateral spread 
more clearly, This model simulates the system of almost freely vibrat- 
ing elastic resonators that is postulated by the resonance theory of 
hearing. If we immerse this membrane in fluid, the vibratory pattern 
seen in Fig. 13-8a is obtained for a steady tone. 

With the same slope of elasticity and the same driving frequency, 
but with an increase in the absolute value of the membrane stiffness, a 
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steady tone causes the whole mem- 
brane to vibrate in phase (all parts 
of the membrane reaching their 
maximal elongation simultane- 
ously), in the manner of a tele- 
phone diaphragm, as shown in Fig. 
13-8). This is the pattern of vi- 
bration assumed by the telephone 
theory of hearing. The vibratory 
pattern for the steady tone is inde- 
pendent of the coupling between 
adjacent parts of the membrane 
beeause the whole membrane vi- 
brates in phase, with no force act- 
ing laterally, Because of the in- 
crease in stiffness, the same point 
force that was used before now pro- 
duces a smaller deformation (Fig 


. 13-70). 


Theories 


(a) Resonance ee 


t iy 
(b) Telephone LOU Up um SENE 
eneou a a S RM 
waves 


(d) Standing 
woves 


t E EEI 
Y TC 
Fia. 13-8. Patterns of vibration produced 
in different kinds of membranes by a con- 
tinuous tone, with normal damping. The 
arrows indicate the direction of motion 
at a given instant. 


If the rubber strands are 


replaced by a flat plastic sheet that is stretched and clamped along the 
two long sides of the frame of the model, the point force produces the 


same lateral spread. 


We obtain substantiation of two o 
by decreasing the thickness of the 
decreases, the maximal amplitude o 
When the thickness of the sheet is 
tone produces a traveling wave moving away 
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elastic sheet. As the thickness 


f the displacement becomes greater. 
decreased slightly, the same steady 


from the source as in 


Fig. 13-8c. The corresponding deformation by a point force is shown 


in Fig. 13-7c. 


When a thinner sheet is used, the same point force pushes 


the partition out still farther; and the same steady tone produces travel- 
ing waves that become shorter and travel farther until some are reflected 
from the end of the membrane and standing waves result as in Fig. 13-8d. 


The standing-wave theory was prop 
A change in the frequency of a steady t 


osed by Ewald. 


one moves the maximum of the 


Vibrations along the basilar membrane, as the resonance theory assumes. 
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An increase in frequency moves the maximum toward the stapes. The 
resonance theory of hearing is a place theory in which pitch discrimination 
depends on locating the place along the membrane that is set in maximal 
vibration. According to the telephone theory, a change in frequency 
need not affect the displacement of the membrane, and pitch discrimina- 
tion depends on some unknown function of the brain. The traveling- 
wave theory is also a place theory, for an increase in the frequency moves 
the maximum of the vibrations toward the stapes and a decrense moves 
it toward the helicotrema. According to the standing-wave theory, an 
inerease in frequeney inereases the number of nodes and decreases the 
distance between them. The brain uses this information to determine 
pitch. 

As may be seen in Fig. 13-8, four basically different vibratory patterns 
can be obtained for a steady sinusoidal tone simply by manipulating 
two variables, the absolute stiffness of the membrane and the coupling 
between its adjacent parts. Since it is possible to go continuously from 
one pattern to another, an infinite number of intermediate patterns can 
be obtained; but all these belong to a single family of curves. Additional 
vibratory patterns have been proposed, some of which the writer has 
tried to verify on models, but the conclusion has been reached that they. 
are only drawings and have no 
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stantiate each theory in turn sim- 
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(0) Standing an pend wholly on the sizes of these 
en. NUIT variables. It is even more sur- 
16. 13-9. Patterns of vibration in mem- prising, however, to find that for 


branes during the transient stage, wi ^ 
normal ale ‚ with transients—for example, the onset. 


theories, as shown in Fig. 13-9. (The driving frequency is the same a8 
in Fig. 13-8.) Only the telephone theory dice that all parts of the 
membrane vibrate in phase, in complete conformity with the movements 
of the driving stapes. ‘ 

It is especially difficult to understand how in a system of free resonators 
the onset of a continuous tone produces traveling waves. A simple 
experiment was set up to demonstrate the occurrence of traveling waves 
in a system of free resonators as shown in Fig. 13-10. A pendulum with 
a large mass was clamped to a long horizontal driving rod from which & 
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series of small pendulums was suspended. The lengths of the pendulums 
increased continuously from one end of the system to the other, from 
right to left in the figure. One pendulum in the middle of the series 
was of the same length as the heavy driving pendulum. During con- 
tinuous oscillation of the driving pendulum, the resonant pendulum was 
set in motion by small movements that were 
transmitted through the oscillating support- 
ing rod. A change in the period of the 
driving pendulum made a different pendulum 
resonate. Thus the series was a system of 
free resonators, each of which resonated at a 
different frequency. The onset of the oscil- 
lations of the driving pendulum set in motion 
a large section of the system, and a traveling 
wave was observed moving toward the longer 
pendulums, as can be seen in the sequence of 
film shown in Fig. 13-11. 

To complete this survey of the various hear- 
ing theories, it should be mentioned that at 
very low frequencies the movement of a 
vibrating system is independent of its mass; 
the displacement of the various parts of the 
membrane is determined solely by their 
elastieity. Since the slope of elasticity along 
the membrane is the same in all four models, Fic. 13-10. System of pen- 
the vibratory patterns for low frequencies are — dulums representing free res- 
- em as shown schematically in Fig. sb onators. 

e largest excursions appear in the standing- 
wave a which re most yielding membrane. Another factor 
that affects the movement of the basilar membrane is the damping pro- 
vided by the fluid in the cochlea. In the models, when the viscosity 1s 
high, the differences between the various theories tend to disappear. 
When the fluid friction is extremely high, the movements of the membrane 
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Fig, 13-11. Series of views of the system of pendulums during the onset of continuous 
sinusoidal movements, A traveling wave moves from left to right. 


are determined solely by the frictional forces in the fluid, independent of 


the elasticity values of the membrane. Here again the vibratory patterns 
are identical for all the theories, and even the displacements are equal 


(see Fig. 13-13) 
5 i ; ing discussion, the question of which hearing 
ccording to the foregoing disc ily answered question, what are 


theory is valid reduces to the more easil 
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the numerical values of the elasticity and coupling along the basilar 
membrane? In these experiments, when the tip of a needle was pressed 
perpendicularly on the surface of the basilar membrane of some lightly 
anesthetized vertebrates (guinea pig, mouse, cat, and pigeon), the 
resulting deformation was almost circular; both the top and side views 
were identical with Fig. 13-7c. The shape of the deformation remained 
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Fig. 13-12. Patterns of vibration in mem- 
branes for continuous tones of low fre- 
quency. 


Fic. 13-13. Patterns of vibration in mem- 
branes immersed in fluid of high viscosity, 
when exposed to continuous tones. 


the same for many hours after the death of the animal. In preparations 
of the human cochlea and the cochleas of large animals such as cows 
elephants, the same circular deformation was found. The shape of the 
deformation proves that the coupling between the adjacent parts of the 
Wee membrane is so large that it invalidates the resonance theory of 
earing. 


Aus ty = constant 
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eid ud Hypothetical audiogram according to the principles of the standing-wave ; 


The side view of the deformation makes it clear that the stiffness of 
the basilar membrane is too great for standing waves to occur. j 
formation of standing waves along the basilar membrane is improbabl 
also because standing waves with large amplitudes occur only at ce in 
frequencies; if standing waves were to occur, the sensitivity of the eat 
would undergo large fluctuations during a continuous change in fre- 
quency. Figure 13-14 shows the type of audiogram that would be 
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obtained under these conditions. Thus it is clear that the vibration of 
the basilar membrane cannot be accounted for by either the resonance 
theory or the standing-wave theory. 

Observations of the basilar membrane in mammals substantiate the 
traveling-wave theory. Under stroboscopic illumination, a steady tone 
of 1000 cps produces traveling waves similar to those pictured in Fig. 13-8. 
When the frequency is lowered, the maximal amplitude moves toward 
the helicotrema (toward the right side of Fig. 13-8), and there is an 
inerease in the length of the membrane that is vibrating practically in 
phase. The place of the maximum reaches that end of the membrane 
in the different animals at the following frequencies: mouse at 400 eps, 
pigeon at 80, rat at 180, guinea pig at 200, man at 30, and elephant at 30. 
Below these frequencies the basilar membrane vibrates in phase, as 
postulated by the telephone theory, as shown in Fig. 13-85. 


the reeds 


Frc. 13-15. Mechanical model for the resonance theory, to be applied to the skin 
of the arm. 

Below the critical frequency, pitch diserimination depends entirely on 
the temporal sequence of stimulation of the nerves. Above the critical 
frequency, there is a second factor, the shifting of the place of maximal 
stimulation along the basilar membrane. We must now ask whether 
pitch discrimination is improved by this shifting of the place of maximal 
stimulation as compared with the conditions ‚under which it depends 
wholly on the temporal sequence of the vibrations. The problem is no 
longer mechanical, but one of how the nerves react to different vibratory 
patterns on the basilar membrane. h : . 

Mechanical Models of the Cochlea. In order to investigate this 
aspect of the problem, cochlear models were constructed in which the 
skin of the forearm was substituted for the nerve supply of the basilar 
membrane. Three mechanical models were made that stimulated the 
skin of the arm in accordance with the three vibratory patterns in 
Fig. 13-8a, b, and c. No model with standing waves was built because 
change in frequeney would produce a large change in amplitude, and 
consequently it would be difficult to distinguish amplitude changes from 
frequency changes (which is not true for the ear). The mechanical 
model for the resonance theory is shown in Fig. 13-15, for the telephone 
theory in Fig. 13-16, and for the traveling-wave theory in Fig. 13-17. 
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The resonance model consisted of a series of tuned steel reeds attached 
to a metal support that oscillated slightly around its longitudinal axis. 
The length of the support was equal to the length of theforearm. Thirty- 
six reeds, tuned in equal intervals 
over a range of two octaves, were 
distributed along the whole length. 
A small pin on each reed, fastened 
close to the support, touched the 
surface of the skin of the arm. ‘The 
pins had rather small points, so that 
the skin would not pick up too much 
energy from the vibrating reeds; 
otherwise it would not have been 
Fior18-10.-MeeBhnical model for the possible to obtain a sharp resonance 
telephone theory, to be applied to the of the reeds. When the arm was 
skin of the arm. placed carefully along the pins, so 

that the points just touched the skin, 
the reed system transformed any change in frequency into an easily 
observable displacement of the stimulated area on the skin. 

The model for the telephone theory was a triangular metal frame made 
of tubing as in Fig. 13-16. The frame vibrated perpendicularly to the 
axis of the edge in contact with the forearm. The rigidity of the frame 
ensured that all the stimulating parts touching the skin would vibrate 


Fra, 13-17. Mechanical model for the traveling-wave theory, to be applied to the skin 
of the arm. 


in phase. From time to time, phase constancy along the frame was 
verified by stroboscopic illumination. 

The model for the traveling waves was a section of a model of the 
human cochlea, enlarged by dimensional analysis. The frequency 
range was two octaves. The model was a plastic tube cast around & 
brass tube with a slit. The tube was filled with fluid. Figure 13-17 
shows the position of the arm on the vibrating membrane. A vibrating 
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piston set the fluid inside the tube in motion, and forces in the fluid pro- 
duced waves that traveled from the hand to the elbow. The traveling 
waves thus produced were similar to those observed in preparations of 
the human cochlea. The maximum amplitude of vibration was rather 
broad, and when it was observed under stroboscopic illumination, it 
moved along the membrane as the frequency was changed. Although 
the maximum was flat as it moved along the arm, the sensation of vibra- 
tion was concentrated on a relatively short length (about 2 to 4 em); 
hence, any frequency change was easily recognized by a shift in the 
stimulated area. Seemingly the nerve network in the skin inhibits all 
the sensation to either side of the maximum of the vibratory amplitude, 
thereby producing a sharpening of the stimulated area. 

If we compare the three models, we find that the difference limen for 
“pitch” discrimination below 40 eps is the same because the skin is able 
to discriminate the roughness of the vibrations as such. But for higher 
frequencies, displacements of the sensation along the arm produced 
by either the resonating model or the traveling-wave model permitted 
much more accurate frequency discrimination than the telephone-theory 
model does. 

The most surprising outcome of these experiments with models was 
that “pitch” discrimination did not deteriorate when the presentation 
time of the tone was short. Even when the stimulus was only 2 cycles, 
the “pitch” discrimination for both the resonance model and the traveling- 
wave model was just as good as it was for a continuous tone of longer 
duration. Closer examination showed that in both models the place of 
maximal amplitude was determined during the first two cycles of the 
onset of a tone. Figure 13-9 shows that for transients there is little 
differenee between the vibratory patterns of the resonance and traveling- 
wave theories. In both, waves travel over a long section of the vibrating 
system. The surprising fact is the inhibitory action of the nerve supply, 
which suppresses all sensation except on à small spot near the maximal 
amplitude of vibration. In the ear the situation seems to be the same 
because there also 2 cycles of a tone are enough to enable us to dis- 
criminate the pitch of a tone. 


HUMAN SKIN PERCEPTION OF TRAVELING WAVES* 


According to many books on hearing, our present knowledge of pitch 
discrimination in the cochlea consists of a large number of theories and 
an almost equal number of experimentally reproducible facts. Con- 
fronted with this situation, an investigator has two choices. He can 
concentrate on the common elements among the facts and ignore the 
apparent discrepancies, or he ean place his emphasis on the differences 
between the theories and conclude that, in spite of the intricate structure 
of the organ of Corti, the task of pitch discrimination should be attributed 
to the brain. 


* Article 74 as listed in the Author's Bibliography. Published in 1955. 
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Everyone will agree that the discrepancies ought to be pointed out, 
for nothing is more welcome than really incisive criticism; but certainly 
it seems that in the specific case of pitch discrimination in the last fifty 
years these differences have been overemphasized. This overemphasis 
can be illustrated by one example. 

In general, the resonance theory of hearing and the theory that assumes 
the existence of traveling waves along the basilar membrane are described 
as two theories of pitch discrimination that have nothing in common. 
Details of the differences between the two theories are so clearly set 
forth in most handbooks that there seems no room for doubt. The writer 
decided, however, that for his own satisfaction he would like to verify 
the existence of these differences experimentally. For this purpose à 
set of tuned reeds was used (Hartmann-Kempf). These reeds were 
fixed in a common support and set 
in vibration around its longitudinal 
axis by an electromagnetic driving 
system (see Fig. 13-18). The reeds 
were vibrating completely free; 
they were tuned so that their reso- 
nant frequencies decreased continu- 
ously from left to right. When the 
Driving rod. common support was in continuous 
sinusoidal vibration, only three or 
M four reeds of the set had large 

amplitudes, whereas all the other 
reeds stood still. When the driv- 

YO ing frequency was lowered, the 

Fic, 13-18. A tuned-reed system. point of maximal vibration moved 
toward the reeds that had been 
tuned to the lower frequencies. As shown in Fig. 13-18, the maximum 
point moved to the right. Every frequency put a different small section 
of the set of reeds in motion, thus illustrating the localization of the 
stimulus along the basilar membrane according to the resonance theory 
of hearing, as described in the handbooks. The vibratory patterns of 
the set of reeds seemed to have nothing in common with traveling 
waves even when observed under stroboscopic illumination. 

In the search for more details, a motion picture was taken of the set 
of reeds at a speed of about 1800 frames per second and projected a 
hundred times slower, that is, at 18 frames per second. It was sur- 
prising to find that when continuous vibrations were suddenly applie 
to the system the result was a traveling wave that moved from the stiffer 
part of the reed system (corresponding to the stapes side of the cochlea) 
to the more flexible part (corresponding to the helicotrema). Such à 
traveling wave can be seen in Fig. 13-19a. The series of exposures begins 
at the left, with a time interval of 1/1800 sec between successive exposures. 
One particular reed has been marked by a dot in each exposure to show 
the movement of the wave. (Compare the position of the bulges with 
the row of dots.) The amplitude of the waves can be seen moving from 
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left to right. It goes through a maximum and then decreases abruptly. 
In Fig. 13-19b the interval between exposures remained the same, but 
the photographs were made after the reed system had been vibrating 
continuously for some time. The amplitudes are larger, but they spread 
over only a small number of reeds and show the typieal vibratory pattern 
of à resonant system with the reeds on either side of the resonance point 
moving in opposite phase. "There is no lateral spread in the over-all 
pattern of vibration. 

'The slightest change in amplitude or frequency of the driving force 
immedintely produced traveling waves along the reeds, if the changes 
in amplitude and frequency were aperiodie. "The question now is, which 


(0) Beginning of the transient 


(5) Steady situation 


Fra. 13-19. Two series of views of the tuned-reed system, (a) during the early transient 
period and (b) during the steady state. The series run from left to right. 


is more important for hearing, the transients or the steady state? If 
transients are important, we shall have to take traveling waves into 
account even when we are considering resonance theories of hearing. 
Certainly transients are important for the recognition of speech, which 
consists of a continuous change in frequency and amplitude. In music 
Backhaus (3) showed that it was not 


we have the same situation. owi S no 
iolin on a recording in 


possible to discriminate between a flute and a v 
which the transients had been masked out. , 

Furthermore, we have to take into account the fact that, in the central 
nervous system, the switching on or off of a tone produces marked 
potential changes. Yet it is difficult to find a potential change that can 
be correlated with a continuous tone. This situation seems to point up 
again the importance of transients. There 18 then a large overlap 
between the resonance theory of hearing and the theory of traveling 
waves, 
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It seems likely that in the future more attention will be paid to the 
common elements in these different views, not only in respect to the 
partieular question of pitch perception, but also in the whole field of 
sensory perception. All the sense organs with large surface areas, such 
as the eye, the skin, the tongue, and the basilar membrane, show striking 
similarities in the way in which they make spatial discriminations. The 
neural pathways are similar. In every one of these sense organs the 
receptors, which are spread along the surface, send single nerve branches 
to the higher centers. There is, in addition, a layer consisting of a 
large number of lateral interconnections between the ascending nerve 
branches. This layer, called a plexus, is probably responsible for the 
inhibitions and facilitations occurring along the surface of the sense 
organ. If we can learn how the plexus works in one sense organ, there 
is a good chance that this knowledge can be applied to the other sense 
organs. For example, an understanding of the contrast phenomena of 
the retina would probably help us to understand the inhibitory effects 
along the basilar membrane that must be present in order to account for 
the sharp discrimination between different vibratory patterns. 

Of all the sense organs, the skin appears to be most like the cochlea 
from the evolutionary point of view. It seemed reasonable, therefore, 
to try to develop a model of the cochlea with a section of skin as sense 
organ. Several inhibitory effects observed in the cochlea are probably 
found in the skin model. Furthermore, it should make possible an 
isolation of those functions that the more highly developed organ of 
Corti can perform and the skin cannot. 

Mechanical Model of the Cochlea. In applied physics, dimensional 
models have been used extensively and successfully as research tools. 
In addition to dimensional models, demonstration models have been 
built to illustrate some phenomena. In the last few years, the concept 
of the model has been introduced into psychology, so that we now find 
descriptions of such concepts as mathematical or statistical models of 
behavior. The models of the cochlea that the writer has used belong 
in the group of dimensional models. These models are built according 
to rules developed from dimensional analysis and permit the measure- 
ment of data that would otherwise be difficult to calculate. The dimen- 
sional models contain more data than we have information on, and for 
this reason are highly successful in research. Demonstrational models, 
on the other hand, are not built according to model laws or any other 
type of general rule and therefore demonstrate only specific features. 
Let us illustrate the differences between the types of models. 

If a precise replica of the cochlea is made but the cochlear partition 
is made unusually stiff, all the sections of the cochlear partition wi 
move in the same way. This model would be a demonstrational model 
of the telephone theory of hearing (Rutherford). If the cochlear parti- 
tion in the model is made very flexible, we shall find a large number © 
standing waves along the cochlear partition. This type of model demon- 
strates the auditory theory of Ewald (2). To obtain a dimensional 
model of the cochlea, it is necessary to measure the elastic properties 9 
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the cochlear partition and to use these properties in the construetion of 
the model. In this type of model, traveling waves are seen that are of 
exactly the same type as those observed in the cochlea of the living 
guinea pig. The model can be enlarged, and, if the enlarging is done 
aecording to the model laws, no change in the vibratory pattern of the 
cochlear partition will be observed. 

For present purposes a dimensional mechanieal model was used. 
Diestel (1) had already constructed a model of the size required, and 
his measurements were useful in the construction. In the first attempt 
to produce an enlarged model of the cochlea using living skin as the 
series of end organs, a fresh piece of frog skin was stretched across a 
longitudinal frame and fitted into a model. Such a model can be kept 
functioning for a day. Unfortunately, the frog skin proved to be about 
as complicated electrophysiologically as the organ of Corti. 

When the model with the frog skin proved unsatisfactory, a new model 
was constructed in which a metal tube with an internal diameter of 
5.5 cm and a length of 30 em was used to represent the vestibular canal 
of the cochlea. One end of the tube was closed and the other end was 
attached to a vibrating piston. The tube was filled with water. Along 
the whole length of the metal tube a small slit was cut. The arm of the 
observer was placed on the slit, the skin of the arm making a watertight 
seal. The width of the slit was adjusted so that the volume displace- 
ment of the skin surface corresponded (according to the model laws) 
to the volume displacement of the basilar membrane of the human ear. 
In this type of simplified model only the vestibular canal of the cochlea 
was represented. Earlier measurements showed that in this simplified 
cochlear model the essential features of the vibratory pattern of the 
elastic membrane are the same as in the unmodified model with both 
canals (page 439). i J 

In the frequeney range between 30 and 100 eps, the continuous vibra- 
tion of the piston produced à sensation of vibration in a restricted area 
about 5 to 8 em long. When the frequency was increased, this area 
moved toward the piston, where the width of the slit was small. A 
lowering of the frequency moved the sensation to the more distant side. 
Besides the sensation of vibration, a gentle pressure—such as a small 
jet of air might produce—was felt on the skin. A change in the fre- 
quency that was continuous but not too slow produced an increase in 
the intensity of the pressure sensation, because the skin at the place 
where the pressure was applied adapts more quickly to the pressure than 
to the sensation of vibration. 

It soon became evident that this type of model should be used for the 
final observations, but that it was too tiring for the initial orientations. 
In addition to the fact that the water in the tube had to be kept at 
37°C, every change in the tension of the arm muscle changed the volume 
elasticity of the skin surface, as a consequence of which the vibratory 
pattern was displaced. 4 

To avoid this difficulty, the vibratory pattern was fixed by a special 
membrane and the vibrations of the membrane transmitted through a 
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ging impedance of thearm. If the coupling 


coupling system to the char 
attern of the membrane remained constant, 


was loose, the vibratory p 


even with a change in the loading. . 
A eross section of the model is seen in Fig. 13-20a and b. A plastic 


tube was cast around a brass tube with a slit. The width of the slit 


Membrane with rim 
L 
eZ, 


e x 
> "Plastic tube 
(a) (2 


Fic. 13-20. Two cross sections of a dimensional model of the cochlea, 
the driving end and (a) made near the other end. 


was constant, and the elasticity of the membrane was changed by altering 
its thickness, as a comparison of Fig. 13-20a and b shows. To the middle 
of the membrane, a ridge was affixed on which the skin of the arm rested. 
The ridge was 3 mm wide, which was small enough to produce the desired 
loose coupling between the arm and the membrane. In some of the 


(b) made near 


Membrane with edge Bellows 


| 


Plastic tube 
Fic. 13-21. Detailed view of the model. 


experiments, a steel table was placed on both sides of the membrane 
to form a rest for the arm. This table was used also to press the edge 
of the soft part of the plastic tube against the brass tube. 

A photograph of the model represented in Fig. 13-20a is shown in 
Fig. 13-21. Two rubber strands were used to clamp the right en 
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the plastic tube to the brass tube. A bellows made of thin metal was 
inserted into the right side of the tube. This bellows was compressed 
and expanded by the attached vibrating rod, which set the fluid column 
in the canal in motion. 

The width of the membrane was kept constant along the entire tube, 
so that the volume displacement of the membrane was proportional to 
the displacement in the middle of it. The reciprocal values of the ampli- 


tude of the membrane along the tube for vibrations of 2 eps are given 
in Fig. 13-22 and represent the stiffness of the membrane. For so low a 
frequency, the alternating pressure on the surface of the membrane is 
constant for the whole length of the tube. The arm was placed along 
the rim above the membrane as shown in Fig. 13-17. Most of the effects 


could be observed even when the arm was covered by a sleeve. 
Frequency Localization along the Membrane of the Model. When 
the bellows on the end of the tube in the model was set into sinusoidal 
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Distance from driving point, cm Locus of sensation, cm 
Fra. 13-22, The variation in stiffness Fre. 13-23. The locus of the sensation as 
along the membrane of the model. a function of frequency of vibration. 


vibration, traveling waves appeared along the membrane and the plastic 
ridge. They traveled from the stiffer section of the membrane to the 
softer section and could be observed easily under stroboscopic illumina- 
tion. In the model with the elastic properties shown in Fig. 13-22, the 
maximum of amplitude distribution along the membrane was surprisingly 
broad, but it moved back and forth with changes in the driving fre- 
quency. When the observer laid his arm on the ridge of the membrane, 
only a small section of the membrane seemed to vibrate. He could point 
to the center of the field of vibration perceived. Its place depended toa 
certain extent on the way the arm was laid on the ridge. It was different 
for the lower and upper arm, and it often changed if the muscles were 
tensed or relaxed. Individual differences were great too, and the loca- 
tion changed with the intensity of the stimulus. In spite of all this, it 
was possible to map the relation between the frequency and the place 
of maximal perception. Figure 13-23 shows this relation for two suc- 
cessive sets of measurements on the left arm (with the hand close to the 
“stapes”) at an intensity 25 db above threshold. The two sets are not 
very different. It should be noted that care was taken that the vibrating 
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ridge of the membrane touched the skin along its whole length without. 
pressing on bone, because bone pressure produces à different type of 
sensation of vibration which is generally localized in the joints. Further- 
more, care had to be taken to prevent the transmission of cues by means 
of the ear. The whole driving system was acoustically insulated, and the 
auditory meatus was closed with an earplug and covered by an earphone 
case so that no sound could be detected. These precautions are impor- 
tant for every type of observation of sensations on the skin. 

As can be seen from Fig. 13-23, in the model just described the fre- 
quency band of two octaves (40 eps to 160 cps) was spread over 26 em. 

One of the long-standing problems of hearing is the question of how 
the ear determines the pitch of tone pulses when their duration is only 
1 or 2 cycles. For such pulses the frequency spectrum is so broad that. 
no sharp physical localization along the membrane can be expected. | 
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Fro. 13-24, The perceived extent of the sensation as a function of frequency, for & 
pulse of two waves. 


Experiments with the model show that the decrease in the number of 
cycles of the tone had no deteriorating effect at all on the sharpness of. 
the localization felt on the skin. On the contrary, many subjects 
reported a definite shrinking of the area in which the vibrations W 
felt. To demonstrate this, a sinusoidal tone pulse 25 db above 
threshold of sensation with a length of two full-waves was presented t 
the arm. The spread of the sensation along the membrane as repo 
by one subject is shown in Fig. 13-24. For 160 eps this spread was 0 
about 0.5 to 0.8 em. For 40 eps it was about four times as long, and 
it had a sort of tail in the direction of the *helicotrema." Here ag n 
the location and spread of the sensation varied with the way in while 
the arm was applied to the ridge, but by and large the same picture was 
obtained on different days and by other subjects as well. 
In general, for continuous tones the spread was larger. For some 
subjects it was as much as five times larger, especially for the lower e- 
quency range. But several observers reported practically no change in 
the amount of spread between short tone pulses and a pulse of one or tW? 
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sine ves. This situation adds new interest to the old problem of 
piteh diserimination for short tone pulses. 

The physical part of the transients in the model may be described as 
follows. In the production of the tone pulses, an electronic counter, 
similar to the type used in meas- 
urements of radioactivity, was used 
to count the number of cycles. 


Coupled with an eleetronie switch, 
it permitted turning the generator 
on or off at exactly the 
moment the voltage went through 
the zero point. The top photo- 
graph in Fig. 13-25 shows the cur- 
rent sent through the driving unit 
when the electronic counter was set 


voltage 


for 2 cycles. 

The lower photographs in Fig. 
13-25 show displacements of the 
front surface of the bellows (“stape- 
dial footplate") and the displace- 
ments of the membrane at various 
distances from the “stapes.” The 
displacements were measured with 
a high-frequency condenser micro- 
phone (Backhaus, 1; Riegger, 1; 
F. Trendelenburg, 1). The con- 
denser consisted of a small metal 
plate held parallel to the surface of 
the membrane, which had been 
painted with aluminum paint. A 
displacement of the membrane 
changed the capacity of the con- 
denser and thereby changed the 


Current in the 


driving coil 


Stapes 

5cm 

10 cm 

15cm 

20 cm 

25cm 

Fra. 13-25. The transients produced in 
the apparatus by a two-wave pulse, as a 


function of distance from the driving 
points. 


radio frequency of an oscillator, thus permitting the observation of the 
momentary value of the capacity of the condenser on an oscilloscope. 
The photographs in Fig. 13-25 show that the transients in the mem- 


brane were small. 


maximal amplitude did larger transients appear. 


Only after the traveling waves passed the point of 


We have to take into 


consideration, however, the fact that this model was relatively short 


only two octaves long 


reflections at the end of the model t 


and that under these circumstances there were 
hat lengthened the transients. 


This 


Would not occur in a longer model, where there would be space enough to 
allow the waves to run out and be damped. 


From these photographs we see that the cochlea tra 
tone pulse as 2 cycles to the place of m 
distortion, and simultaneously produces ev 


nsmits as short a 
aximal vibration without much 
en in this short time an ampli- 


tude distribution along the membrane that is hardly different from the 
amplitude distribution obtained during continuous sinusoidal vibrations. 
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Physically, therefore, the cochlea exhibits very short transients (ef. 
Jung). The amplitude distribution along the membrane is accordingly 
broad, so that from rough inspection there seems to be no contradiction 
between the transient time and the filtering action of the cochlea. The 
sharpening of the localization is produced by the nervous system. Simi- 
lar conclusions ean be obtained from beats produced by two different 
frequencies. Albert calculated the vibratory pattern of the basilar 
membrane during one full cycle of the beat and showed how quickly 
the vibratory pattern of the steady state is reached during the increase of 
amplitude. 


50 cps 


Vibrating rim 


Skin of th 
150/605 in of the upper arm 
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Fro. 13-26. The traveling waves on the skin of the arm at two frequencies of 
stimulation, 


This sharpening of the spread of vibrations acts not only in the longi- 
tudinal direction of the membrane but in the lateral direction as well. 
The arm on the ridge of the membrane feels the lateral extent of the 
vibrations as about 1 cm wide. But if, with stroboscopic illumination, 
the movements of the skin surface were observed in the neighborhood 
of the ridge, waves were seen traveling away from the ridge in both 
directions for several centimeters, because the damping on the skin 
surface is small—of the order of 2:1 for two consecutive excursions in the 
same direction. Figure 13-26 shows stroboscopic observations on the 
upper arm. Besides the lateral spread of the stimulus, there was & 
spread in the deeper layers of the arm. If the muscles were relaxe 
and the bones were not touched, the sensation was localized on the skin 
surface. * 

Figure 13-27 summarizes the action of the cochlear model with the 
skin as sense organ. In the upper drawing, the physical stimulus is 


* Waves on the surface of the skin have been measured by Keidel (1) and Keidel 
and Schmidt. 
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shown as it developed on different points of the membrane when a sinus- 
oidal vibration was suddenly started. The lower drawing shows how 
the sensation on the skin built up with time. The cochlea certainly 
represents a system that in the least possible time produces an amplitude 
distribution with a maximum. This maximum shifts along the mem- 
brane as the frequency rises. The inhibition of large areas of stimulation 
by the sense organ is a well-recognized phenomenon, and in the next 
section the effects on the skin are considered. 


125 cps 


Stimulus Time 
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Fra. 13-27. Comparison of the stimulus waves along the skin of the arm and their 
perception for 125 eps. 


Inhibitory Phenomena of the Skin. In life, inhibition is just as 
important as stimulation. It is highly developed in the ear and may be 
expected to be much the same in the skin from which the ear is formed. 
Without a highly developed inhibition, the ear would be inadequate in 
many situations. To demonstrate this, let us go into a theater. As 
can be seen from Fig. 13-28, the sound of the performer reaches the 
listener in a number of different ways. The direct sound (solid line) 
travels the shortest route and reaches the ears first. After that, a large 
number of echoes arrive (broken lines), as à rule after reflection from 
the ceiling. In many theaters the intensity of the echoes is equal to 
or even larger than that of the direct sound. If these echoes were not 
suppressed, the performer would seem to be located beyond the ceiling. 
Although suppression is more effective with both ears, it works well even 
with one. 
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In general, inhibition is strongest for a stimulus of brief duration and 
is much weaker for a sustained stimulus. The echoes of a click are’ 
easily suppressed by the ear. An analogous effect is found on the sur 
face of the skin. A metal frame pressed slowly on the surface of the 
skin was felt along the whole length touching the skin (see Fig. 13-29). 
But if the frame was hit sharply with a hammer, a sensation was felt 


M 


Fia. 13-28. Direct and indirect paths of sound in a theater. 
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Fra. 13-29. Sensory effects produced by applying a stimulus slowly and abrup tly 
to the skin. 


only in a short section around the middle of the frame, as illustrated in 
the drawing on the right of Fig. 13-29. 
To show how the duration of stimulation influences the inhibition, 
the same frame was attached to a driving unit that switched on a 100-¢ 
tone for 2 cycles or more. The subjects were asked to make drawin 
indicating the approximate level of the “loudness” and the lateral sprea 
of the sensation. The drawings made by one subject are shown 
Fig. 13-30; other subjects had similar patterns. For presentations long@ 
than 0.3 sec, the contour of the sensation approached the contour of th 
physical stimulus. The whole length of the side of the frame touch ing 
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the skin was 13 em. The upper arm was used, and the amplitude of 
vibration was 6 db above threshold. In general, when the stimulation 
was continued for more than 10 sec, the sensation began to fall off in the 
middle part. After a while only the edges wege felt to be vibrating, as 
shown in Fig. 13-31, until finally all sensdtion disappeared. Some 
observers reported that often, before the sensation disappeared com- 
pletely, the locus of the sensation shifted back and forth between the 
edges and the center. 
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Fro, 13-30. Effect of applying vibratory Fie. 13-31. Adaptation effects for pro- 
stimuli of different durations to the skin longed stimulations. The frequency was 
over a line 13 em long. 100 cps. 


The maximum in the distribution of the amplitudes of vibration in the 
model is rather flat. It is interesting to see that even a slight change 
in the distribution of the amplitude along the surface can modify the 
locus of the sensation. The experiment shown in Fig. 13-32 shows this 
fact convincingly. To the vibrating rod driven by the electromagnetic 
system was attached a small perpendicular tube with a length of 13 em. 
The perpendicular tube was pressed against the skin, and two full cycles 
of a 100-cps tone were presented. In this case, à small section in the 
middle of the tube seemed to vibrate as shown 1n the drawing on the 
left. By pressing a heavy piece of lead against one side of the vibrating 
tube, the maximum of the amplitude of vibration could be made to move 
slowly to one side. The place of sensation immediately shifted without 
much spread, as shown in the drawing on the right. These movements 
are sensitive near the center and slow down on the edges of the tubing. 
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An examination of the model of the cochlea by stroboscopic illumination 
showed that the various parts of the membrane did not vibrate in phase, 
but that as a consequence of the traveling waves there was a time delay 
between the movements of the waves in the parts close to the “stapes” 
and the parts farther away. The inhibitory effects may therefore be 


expected to be even stronger. 
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Fie. 13-32. Effects of asymmetry in the stimulation on the locus of the sensation. 


The strength of the inhibitory effects was demonstrated by putting 
the left hand and arm and the right hand on the membrane of the model 
in the position shown in Fig. 13-33. If the hands and arm were properly 
adjusted, the sensation was felt on the left arm in approximately the 
same location as before when the arm was in the usual position; and no 
stimulation at all was felt in the right hand and fingers, in spite of the 
fact that the amplitude differences along the membrane were not great. 
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Fra. 13-33. Locus of the sensation with one arm and the other hand on the vibrating 


membrane, 

But when the left arm was lifted the sensation immediately appeared 
under the right hand and seemed almost as strong as it had been before 
under the left arm. This is a surprising experience. 

Another peculiarity of the inhibition along the skin of the arm is that 
on the membrane of the model the center of the sensation changed its 
position relative to the membrane when the amplitude was increased. 
Sometimes this shift was of the order of 2 cm for an amplitude change 9 
20 db, but sometimes it was as large as that shown in Fig. 13-34. Musi- 
cians have known for many centuries that the pitch of a tone in the 
lower part of the scale is lowered when the loudness is increased, and it 
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may well be that the shift observed in the skin model is a related phe- 
nomenon. One peculiarity of this shift is that in the extremities an 
increase in the intensity always produced a shift toward the head. This 
was true even when the direction of the traveling waves in the membrane 
was not toward the head, as shown in Fig. 13-34, but away from it. 
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Pic, 13-34, Effect of stimulus intensity on the locus of the sensation. 


A similar phenomenon is shown in Fig. 13-35. When the left arm 
was placed on the model with the hand close to the “stapes,” the center 
of sensation for a given loudness was about 12.5 cm from the “stapes.” 
If the right arm was then placed on the model in the opposite direction, 
the center of sensation for the same physical stimulus was about 6 cm 
from the “stapes.” In both instances, the area of sensation seemed to 
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Fia. 13-35. Effects of orientation of the arm. 


shift toward the head. The difference between the centers of sensation 
for the left and right arms increased as the amplitudes of the membrane 
were increased. It is therefore possible that for small intensities the 
center of sensation was localized at the same place on the membrane; 
and the difference between the centers of sensation for the two arm 
Positions shown in Fig. 13-35 resulted from the fact that, for higher 
intensities, the sensation area shifted toward the head. 


Stapes 
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Observations of Place and Vibratory “Pitch” in the Model. When 
the model was set into vibration by a pulse of two or more waves or bya 
continuous tone, there were two ways in which a judgment could be 
made about the frequency of the vibration. One was to observe only 
the place of the pattern of stimulation along the membrane of the model 
and to ignore all the other characteristics of the vibrations; the second 
was to observe only the temporal attributes of the sensation produced 
by the vibrations and to try to ignore the place of stimulation. The 
first type of observation corresponds to a theory of hearing based on 
traveling waves, and the second corresponds to the telephone theory. 
With a little training, it was possible to switch from one type of observa- 
tion to the other. 

Varying the frequency through the two-octave range of the model 
showed that both ways of observing are useful for discriminating small 
frequeney differences. In order to determine which method is more 
sensitive, a pulse of two waves was presented three times in rapid suc- 
cession; the frequeney was then changed and the three pulses presented 
again. The subject had to report 
whether he observed the change when 
he was eoncentrating on the place of 


m 
o 


the sensation or on the vibratory 820 
“pitch.” The amplitude of the vibra- $ 
tions on the “stapes” was kept con- 315 
stant for both frequencies. The = 
changes in the frequency of the driv- £'° 
ing unit required to produce a change S 
in the sensation for the lower arm are & 


shown in Fig. 13-36. Some control 0 
experiments were run in which the 40 57... 80 4 160 
length of the tone pulse was kept Frequency, cps E 
constant for all frequencies in order € 12s ene d a. d 
: net imens 10 erceived VID 
to be sure that the duration of the frequeney and sai locus as & 
pulse was not being used for dis- function of stimulating frequency. 
crimination. It is necessary to add 
that everything was done to prevent the subject from hearing the sound 
of the vibrating model. When the sound insulation was not sufficient, 
masking was used. 

As can be seen from Fig. 13-36, the observation of locus proved to be an 
easier way of discriminating frequency changes than direct observation 
of the temporal sensations, for all but the low frequencies. One reason 
that the observation of place for the low frequencies is less accurate may 
be that the model is too short—only two octaves—and the reflection 
near the end cannot be effectively eliminated. 

There was no need for training or learning to make a frequency dis- 
crimination by means of localization. When a subject placed his arm 
on the ridge of the membrane, he immediately felt the localization in 
its full definition. 

To make the comparison even easier, the setup of Fig. 13-37 was used. 
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The ridge on the model was applied to one upper arm; to the other upper 
arm was applied a metal frame made of wires 3 mm in diameter and 3 em 
long driven by an electric unit so that the phase and amplitude of vibra- 
tion were constant along the whole length of wire touching the skin. 
The two systems could be driven simultaneously or alternately. The 
subject was asked which system was more useful for determining changes 
in frequency. 

It was evident that the model of the cochlea contained more data on 
frequency changes than the vibrating frame, because in the model both 
temporal sensation and place sensation were present. For this reason 
the model was superior to the simple frame. In comparing the sensa- 
tions in the two arms, it was surprising to find how difficult it was to 
memorize temporal vibratory qualities of the form presented which 
could be used to make absolute “pitch” determinations. On the other 


Driving unit. 


Vibratin 
frome d^ 
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traveling waves 


Fic. 13-37. Arrangement for comparative judgments of discrimination with the model 
and with a simple vibrating frame. 


hand, there was no difficulty in memorizing the place of the sensation 
on the model because that seemed natural. To eliminate accidental 
differences between right and left arms, the positions of the arms were 
interchanged, but no marked differences between them were reported. 
The next question was, can frequency discrimination be improved 
Y some special means? No method was found that improved the fre- 
quency discrimination on the arm for the observation of temporal sensa- 
tions. A variety of sizes and shapes of frames failed to produce any 
important improvements. In the model of the cochlea, the spread of 
the frequencies along the membrane depends on the variations in the 
stiffness along the membrane. In the experiments already reported, 
the stiffness in the model varied in accordance with the data of Fig. 13-22. 
ere is no reason why the change in the stiffness per unit of length of 
membrane could not be decreased much further, thus decreasing the 
frequency range of the whole membrane from two octaves to one octave 
or even less, The largest frequency spread should be obtained when 
there is no variation at all in the stiffness of the membrane; for this 
reason a model was made with a constant membrane thickness. In 
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this way it was possible to produce an easily discriminated displacement 
of the sensory pattern of 8 cm on the lower arm when the driving fre- 
queney was changed from 60 to 61 eps. The whole frequency range, 
however, was proportionately narrow. 

These experiments seem to show that there is in the cochlea a pre- 
liminary mechanical frequency analysis that produces along the basilar 
membrane a vibratory pattern with a flat maximum. This flat maximum 
is sharpened up by the nervous system, so that for a pure tone a distinct 
localization occurs. But a flat maximum is necessary in order that the 
nervous system can begin its inhibitory activity and thus sharpen the 
otherwise flat distribution of the stimulus. The whole analysis is com- 
pleted in the course of one or two full cycles and is just as sharp as for a 
continuous tone. Wien’s objection that an instantaneous frequency 
analysis is incompatible with sharp localization applies only to purely 
mechanical systems. This objection, which served for half a century 
as a threat to any explanation based on mechanics in the field of hearing, 
means only that the ear is not a pure mechanical analyzer but an analyzer 
in which the nervous system is involved. When the results of the fore- 
going experiments are combined with our knowledge of electroph ysiology, 
it seems that today we are closer to an understanding of the analysis of 
short tone pulses than to an understanding of the discrimination of 
continuous tones. Continuous tones seem to show less inhibition, and 
responses to continuous tones on the cortex are difficult to record. 

Anatomically, this simple cochlear model utilizing the skin works so 
well for pure tones that there is no reason to believe that birds cannot 
hear pure tones as well as we can. But it should be kept in mind that 
all of the experiments described above were done with pure tones only. 
For complex sounds or masking phenomena, the simple skin model shows 
a poor resolving power. The differences between the simple organ of 
hearing in birds and the complicated organ of Corti in mammals are not 
expected to show up in the hearing of pure tones but only in the hearing 
of more complex qualities. These more complex situations must be 
investigated to find out why and how the organ of Corti of mammals 
works. It is unfortunate that most experiments on birds are pure-tone 
experiments. 

Differences between Perception by the Skin and by the Ear. A few 
remarks need to be made on the basic differences between the sensation 
on the skin and in the ear. In both fields, a large amount of research 
has been done, so that the basic data are readily available. The works 
on skin perception of Knudsen (2), Roberts, Skramlik, Katz, and Geldard 
are well known. Our problem is to determine what specific qualities 
the organ of Corti has that the skin does not have. Perhaps this knowl 
edge will lead to an understanding of the special structure of the organ 
of Corti. 

There are large differences in skin sensitivity on the various parts of 
the body, and to a certain degree it seems possible to extrapolate from 
that fact. For instance, it is well known that the skin on the arm is less 
sensitive than the skin on the thumb. To some extent, this difference 
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is a consequence of the fact that the area on the sensory cortex corre- 
sponding to a unit of surface on the thumb is much larger than that cor- 
responding to a unit of surface on the arm. Penfield and Boldrey pub- 
lished a figure in which each section of sensory brain surface is related 
to a specific part of the body (see Fig. 13-38). The thumb occupies 
about as large a surface as the whole arm. To complete the figure for 


Fra. 13-38. Comparison of the sensory areas of the brain supplying the arm and the 
cochlea, 


present purposes, the cochlea was unrolled and its size made to cor- 
respond with the area of hearing; the cochlea was then affixed to the 
face. Although this type of representation is not to be considered precise, 
it still makes it clear that the nerves in the cochlea occupy an area on the 
cortex comparable to the area occupied by the skin surface of the whole 
face. Because the corresponding area of the cochlea on the brain is still 
relatively larger than the corresponding area of the thumb, the changes 
in sensory perception from the arm to the thumb had to be extrapolated 
in the same direction in order to arrive at the properties of the cochlea. 
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How some of the qualities change along the line from the thumb to the. 
upper arm are shown in Fig. 13-39. The uppermost drawing shows & 
factor obtained by dividing a certain surface of the cortex by the 
responding surface on the skin. The nerve density on the thumb is high 
relative to that on the arm. Because of the higher nerve density on 
thumb, the two-point threshold (that is, the smallest distance betw 
two needle points that can be discriminated on the skin surface) is 
relatively small (Ruch, 1). The same subject who measured the two- 
point threshold then measured the smallest vibratory amplitudes for 
100 eps that could be detected on the same area of the skin. They are 
represented in the lowest drawing of Fig. 13-39 in decibels below am 
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Fra. 13-39. Relations between density of innervation and sensory phenomena. 


arbitrary zero level. The higher the nerve density, the lower 
threshold. Of special interest is the fact that for higher intensities t! 
curves of equal “loudness” are flat and show only slight differene 
between various points on the fingers and arm. For points of the 
of low nerve density, therefore, the intensity increases much mo 
rapidly than for points of high density. In the language of otology, W® 
should say that skin spots with low nerve density show recruitment. . 
2 On the thumb the whole stimulus range between threshold and p i 
is about 40 db, but in the ear it is about 120 db for a 1000-cps toT 
which means that the cochlea must have a very low two-point threshol 
Comparisons of this type indieate the direetion in which we must 100 
for the differences between the skin and the ear. 

To discover more details of the differences between the ear and 
skin, the conditions of stereophonie hearing had also to be reprod ced 
The equipment is seen in Fig. 13-40. Two microphones picked up 
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sound from a certain direction and produced corresponding vibrations in 
two identical models of the cochlea that were pressed against the inner 
surface of the lower arm. Since the driving unit was at the top, the 
lower frequencies were located below, and the higher frequencies were 
located above. 

Sensations of direction occurred as a combined effect of magnitude 
and time differences. Because the magnitude increased rapidly on the 
skin of the arm, the difference between the intensity levels on the two 
sides had to be adjusted to 1 db or less. 

It is interesting to see how, in the world of skin sensation, an external 
space was gradually built up. In the beginning, the sound source was 


Sound 
source 


Model of 
the cochlea 


Edge of the 


Low 
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Fia, 13-40. Arrangement for stimulating both arms, in analogy with binaural hearing. 


moved within the room, and there was at first only a jumping of the 
sensation from one side to the other. Even when the sound source was 
symmetrical to both microphones, there was no pronounced localization 
intermediate between the two models of the cochlea. But in time this 
situation ehanged, and the sound source seemed to move continuously 
in a line from one model to the other. When the distance from the 
sound source was increased, no change in the position of the skin localiza- 
tion was felt. The magnitude of vibration simply decreased and faded 
out on the same spot. The skin perception was one-dimensional. 

When the experiment was repeated with the subject watching the 
movements of the sound source, the subject at some point experienced a 
sensation of distance; and after a time every change in magnitude, pro- 
duced either by changing the distance between the sound source and the 
microphone or simply by decreasing the input to the sound source, pro- 
duced a sensation of distance, and the field of perception on the skin 
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became two-dimensional. By means of a switch, the two microphones 
could be connected to both ears to facilitate comparison of the differences 
in localization by the ear and by the skin. 

When the sound source was close to the microphones, sound localiza- 
tion by the ear and by the skin were very different. This difference 
results from the fact that on the skin the magnitude increases much 
more quickly than it does in the ear. The skin reacts primarily to 
sound-pressure differences between the two microphones. On the skin, 
localization is determined almost completely by the changes in sound 
pressure on the two microphones during movement of the source, and 
the time difference between the arrival of the sound on the two micro- 
phones is unimportant, whereas in hearing both the time difference and 
the sound-pressure difference play a role. 

When the sound source was at a distance from the microphones, move- 
ment of the source in a cirele around the microphones produced a time 
difference between the microphones without a noticeable change in 
magnitudes, and localizations by skin and ear became much more 
similar, As a matter of fact, if sharp clicks were used, the skin’s sensi- 
tivity for time differences measured by spatial localization was about 
half that of the ear, which is in agreement with the observations already 
reported by Klemm. For remote sound sources, the distance between 
the two microphones had to be about twice the distance between the 
ears in man if the direction of the incoming sound was to be localized by 
the skin at the same angle that it was localized by the ear.* 

The anatomical pathway of the nerve tract of both ears gives the 
impression that directional hearing may be a consequence of the special 
neural interconnections between the two sides of the brain. But the 
effect described above seems to be more general than is usually assumed, 
because the sense organs of the skin and of the ear behave similarly, 
even though the skin exhibits less sensitivity. It is of interest, therefore, 
to note that the directional effect of the skin was observed not only 
when the stimuli of both microphones were applied to symmetrical 
points on both sides of the body, but also when the stimuli were applie 
to points close together on the same side. Even the definition of the 
effect was the same in both eases. Therefore this type of interaction 
effect between two stimuli is common to all surface areas of the skin, 
and the minimum time differences necessary to suppress one of the 
stimuli are about the same at all points on the surface of the human skin. 


SENSATIONS ON THE SKIN SIMILAR TO AUDITORY PHENOMENAt 


A mechanical dimensional model of the cochlea has just been described 
which exhibited vibrations along its length similar to the vibrations 0 
the basilar membrane in the inner ear. The sensory cells of the organ 
of Corti were represented in the model by the skin of the arm, and the 

* [This statement is corrected in the next article, p. 573. When subjects are well 


trained they give similar lateralizations for both ear and skin.] 
+ Article 79 as listed in the Author's Bibliography. Published in 1957. 


FREQUENCY ANALYSIS AND THE LAW OF CONTRAST 569 


sensations on the skin resulting from vibratory stimulation were com- 
pared with the hearing of tones. As the skin has somewhat different 
sense organs from the organ of Corti, it is of interest to find out what 


phenomena in hearing ean be duplieated on the model and what phe- 
nomena are obtainable only in the ear. From such observations it should 
be possible to discover which phenomena are bound to the special 


nervous system of the organ of Corti. This approach may bring a closer 
understanding of the functioning of the organ of Corti. 
The model, together with the skin of the arm used as a receptor, has a 


second use. With the model it is possible to improve on some of the 
special properties of the organ of Corti so that certain phenomena are 
more readily observable. Thus it may be possible to determine the 
best conditions for obtaining these phenomena and in this way to facili- 


tate observations in the field of hearing. For instance, on the model 
it is possible to decrease the slope of the changes in elasticity of the 
“basilar membrane.” Thereby the frequency resolution of the model 
ear may be greatly inereased, and phe- een 
nomena may be observed that auditorially 
can be obtained only with the utmost 
concentration. The much-diseussed phe- 
nomenon of beats belongs to this group. 

As a beginning in this type of research 
three phenomena have been studied in the 
ear and in models, (1) directional hearing 
produced by a time delay, (2) harmonies, 
and (3) beats. 

Summation and Inhibition on the Skin 
for Two Simultaneous Stimuli. Thegreat 
variety of sensation that the nervous 
System can mediate with only a few ele- 
ments is due to the fact that two similar 
stimuli may add to or diminish each 
other's effect, or may not interact at all, 
depending sometimes on small changes in 35 ——AÀ—— ——AÀ——— 
circumstances. In many ordinary situa- et imt ee vis 
tions the nervous system works almost bition in stimulation 3 
like a linear ee aad its only effect is ee mmo ne 
On the size of the sensation. But there ; * 
are some critical situations in which a small change in the stimulus may 
alter the whole aspect of the sensation. s , 

This sensory situation can be demonstrated: by a simple experiment. 
The tips of a pair of compasses were pressed against some area of skin, and 
the distance between the tips was varied. In the experiment shown in 
Fig. 13-41, the inner surface of the forearm was used, and the tips each 
had a diameter of 1 mm. The distance between them is given at the left 
of the figure. In the drawings the horizontal lines indicate the surface of 
the skin, and the curve represents the magnitude and spread of the pres- 
sure sensation produced by the tips of the compasses. As the distance 


Distance between the two points, cm 


570 COCHLEAR MECHANICS 


between the tips inereased, the magnitude and spread of the sensation 
increased also. But as the distance exceeded 2 em, the tips suddenly 
were perceived separately, and they seemed weak and closer to each other 
than the physical distance between them. This change was due to a 
reciprocal inhibition of the two separate stimuli. With a further increase 
in the distance between the tips, the magnitude of the pressure sensation 
increased until at 3 em they were almost independent of each other, and 
the magnitude of each was as large as when only one tip of the compasses 
was pressed against the skin. 

'The same results were found on other parts of the skin. Inhibition 
was especially easy to observe on the heel of the thumb, where there are 
no hair follicles, and consequently a pressure sensation there did not show 
the local increase often found when the tip of the compasses was acci- 
dentally pressed directly on the root of a hair. Because of the hair folli- 
cles, it was found best to provide the compasses with ball tips about 
3 mm in diameter. It is obvious that for small distances the interaction 
between the two stimulations produced by the impression on the skin is 
modified by a stretching of the skin between the two impressions. This 
fact was indieated by the elliptieal shape of the impression, but for the 
small deformations at distances of 1 em or more the skin deformation 
became circular about each of the tips. 

Now if, instead of applying the slow pressure produced by the tips of 
the compasses, this instrument was made to vibrate at 50 eps by touching 
it with the vibrating coil of a loudspeaker unit with a vibratory amplitude 
20 db above threshold, there was no change in the pattern of distribution 
of the intensity of the vibratory sensation as a function of the distance 
between the vibrating tips. 

Several ways were found for altering the critical distance at which the 
summation of the two stimuli changed into inhibition. The intensity 
of the stimulus produced a small variation. Larger variations were pro- 
duced by adaptation of the cutaneous nerves. If the distance between 
the tips was adjusted so that the two stimuli were felt separately and the 
magnitude of the sensation was small, then keeping the stimuli constant 
for a longer time often caused the inhibition to change into summation 
and the magnitude of the sensation to increase. When only one tip was 
pressed against the skin, however, adaptation decreased the magnitude 
of the sensation. 

The inhibition was suppressed to an even greater degree if, instead of 
applying the statie pressure or the 50-cps vibrations, the compasses were 
connected to an electrodynamie driving unit actuated by short condenser 
discharges. When these sharp clicks were applied to the skin by the tips 
of the compasses, all subjects reported only summation for all the dis- 
tances shown in Fig. 13-41. 

This observation suggests that the neural pathways in the skin may 
be entirely different for a long-lasting a-e stimulus and a single short 
click. Single short simultaneous clicks probably set in action the direct 
lines to the higher levels of the nervous system, without being inhibited 
by lateral connections whose firings come too late. This observation 
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brings to mind the fact that the effects of clicks are easy to observe in 
the auditory cortex, but the effects of pure tones are difficult to detect 
with present methods. It is suggested that even if we succeed in tracing 
the neural path of a click from the cochlea to the cortex, we shall still not 
be sure that à pure tone will follow this same route. 

Interaction between Two Stimuli with a Time Delay. When there is à 
time delay between two stimuli, inhibition plays an important role. For 
example, the well-known phenomenon of directional hearing can be dupli- 
cated on the skin (Katz). Fora closer investigation of this phenomenon, 
two tips attached to two electromagnetic driving units were placed on 
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Fic. 13-42, The inhibition of one click by another as a function of their temporal 
interval. (A) represents the stimulation of two points on the skin 12 mm apart, 
and (B) represents stimulation of the two ears. The time scale runs voee RE 
positive values signifying priority for the left stimulus, The shading of the circles 


represents sensory intensity. 


both sides of the end of the thumb, or on two points about 12 cm apart 
on the inner side of the arm. A timing device was used to discharge two 
condensers through the driving units with a certain time delay as repre- 
sented on the right side of Fig. 13-424. When the vibrator on the left 
side of this figure received its current earlier than the driver on the right 
side, for larger time differences two discrete, sharp pulses were felt on the 
skin, one on the left side followed by one on the right. The intensity of 
the two pulses was about the same. 3 j 

As the time delay was made smaller, however, the sensory intensity on 
the right side decreased as indicated in Fig. 13-424 by an unshaded circle, 
whereas the intensity on the left side increased until the effect on the right 
side was completely suppressed and the whole thrust produced by the 
pulses was felt only on the left side. The spread of the sensation of 
Vibration along the surface of the skin is represented schematically by 
the size of the circle, and the intensity by the degree of shading. As 
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the time delay approached zero, the area of the sensation moved to a 
position halfway between the two tips, its size increased, and its intensity 
decreased. As the sign of the time delay became negative, the pattern 
was repeated on the other side, as can be seen in the figure. T he sensory 
area became smaller and more dense and then lost its intensity. Ifa 
small tip was used on one side while the surface of the other vibrator was 
made ten times larger, the phenomenon of traveling from one side to the 
other did not change, but the sensory area was greater under the larger 
tip, and still greater when the sensation was in the middle. 

It was important in these observations that the two clicks be equally 
strong to obtain a smooth movement from one side to the other. This 
pattern of movement of a sensation from one tip to the other has been 
obtained on the finger, the arm, and other parts of the skin. In general 
it was found that the spreading of the sensation in the middle position 
became less as the tips were brought closer together and as the density 
of innervation of the area became greater. For instance, the area was 
smaller on the finger tip than on the arm. 

In hearing, where the neural interaction of the two ears seems to be 

exceptionally high, the sound image of a click has the same intensity and 
density in the middle position as in the lateral position. This fact is 
shown in Fig. 13-42B. On the other hand, if a mechanical pulse was 
presented to one finger and a click to the ear on the same side, it was 
possible with proper adjustments of the magnitudes to obtain a sensation 
that traveled from one ear to the finger. "This sensation was weak for 
zero time delay, and several of the subjects could feel only the jumping 
of the sensation from the ear to the finger and vice versa, with nothing 
in between. No such sensations were observed for the finger and the 
contralateral ear. 
, It should be pointed out that some subjects did not always succeed 
in fusing the sensations on different parts of the skin. Fatigue or excite- 
ment may be the reason, or some personal characteristic. The problem 
is almost the same as with fusion in stereoscopic vision. During actual 
shooting, in the war, it was surprising how flat the field sometimes looked 
through binoculars, even with a large base. 

To find out whether or not this lateralization depends on the condition 
of the end organs, condenser discharges were used for direct stimulation 
of the same points on the skin to which the vibrators were applied. The 
pattern of displacement and intensity was exactly the same as in Fig. 
13-42A for the same delay times. Then the skin was anesthetized with 
ethyl chloride spray, and again, with proper adjustment of the intensity of 
the single stimulus, it was possible to obtain exactly the same pattern 
as Fig. 13-42A. 

The above-mentioned experiment suggests that the lateralization 
occurs at a higher level of the nervous system, and so it seemed worth- 
while to try to localize simultaneously a click heard by the ears and & 
pulse felt on the skin. For this purpose two earphones were connecte 
to the input of the electrodynamie drivers. The sound image of the 
clicks and the pulse on the skin could both be felt, moving separately 


FREQUENCY ANALYSIS AND THE LAW OF CONTRAST 573 


from side to side. When the two earphones were then exchanged, how- 
ever, the same time delay simultaneously moved the sound to one side 
and the pulse to the other side, Certainly the auditory and skin sensa- 
tions did not mask one another. 

A close study of Fig. 13-42 shows that, as the delay time increases, the 
sensory area moves to the lateral position in two stages. When the 
delay time reaches a certain value A, the lateral movements slow down. 
Then when the time has been inereased to 2A, the extreme lateral position 
is obtained, and shortly afterward the sensory area begins to split apart. 
This behavior holds for the sense of vibration, for hearing (page 278), 
and for electrical stimulation as well. Inhibition is evidently achieved 
in two successive steps. 

A certain amount of training was necessary to determine the time delay 
for which the lateral movement began to slow down before it reached the 
extreme lateral position. For the skin it was found that the two steps 
were equal within +30 per cent. The value of A = 1.2 X 10”? sec. 
For some subjects A was independent of the magnitude of the stimuli, but 
for others it inereased with magnitude. It was the same for the finger, 
the arm, the leg, and the chest, and even for the ear,* and it was the same 
for lateralizations between the ear and the finger of the same side. Even 
on the chest, when the two vibrating points were placed either both on one 
side or symmetrically on both sides, there was no change in the delay 
time required to produce complete lateralization. It seems that the 
inhibitions observed on the various parts of the body represent a general 
feature of the nervous system and are not bound to a special interaction 
between the left and right sides of the cortex. 

The general nature of the time delay constants raises a number of ques- 
tions. In human adults the displacement of the sound image from the 
middle to the side is achieved by the same time delay between the ears as 
when an actual sound source moves around the head. Accordingly , 
estimates made of the position of a sound image coincide with the direc- 
tion of an actual sound source. Ina child, however, the distance between 
the two ears is smaller, and A has to be smaller too if the time delay 
between the two ears is to be used for sound localization. This brings 
up the question of the maturation of the nervous system. In vision it is 
known that if a person wears a reversing prism, his movements at first 
are all opposite to the correct direction, but after about 2 weeks he will 
have adjusted to the reversal and will make correct movements (I. 


* On p. 568 the time delay for extreme lateralization on the skin was given as about 
twice that required for lateralization in hearing. At that time it was not clear that 
for the skin as well as for the ear the lateralization occurs In two steps, and the extreme 
lateral position takes about twice as much time as displacement to the point where 
large movements of the sensation are no longer present. On the enlarged model of 
the cochlea, with the arm placed along the edge of two long vibrators, the subject 
found the extreme lateralization, when the stimulus was felt directly on the surface 
of the skin, for a time delay of 24. For sound localization, however, the subjects 
thought that they had extreme lateralization for a delay of A. If the attention of the 
subjecta was not specifically called to this point, they all gave 24 for the skin and A 

or the ear. 
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Kohler). When the prisms are removed, it will again take 2 weeks for 
the person to return to normal. Such a high degree of adaptation does 
not occur in lower animals. For instance, if the eyes of a frog are rotated 
180° by an operation, he will jump after a fly in the wrong direction to the 
end of his life. There does not seem to be any adaptation at the lower 
levels. Since the directional hearing of chickens is about as good as 
man’s, either A must be very small for the nervous system of the chicken, 
or the chicken’s directional hearing must be based on something other 
than the time delay between the ears. These problems, though interest- 
ing, will not be discussed further at this point. 
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To investigate further the similarity between the skin sensations and 
hearing, an analog of the rotating tone (a tone revolving around the 
vertical axis of the head) was produced on the tip of the finger. For this 
purpose the tip of a vibrating unit with a frequency of 50 cps was plac 
on one side of the finger and on the other side a unit vibrating at 50.2 cps, 
as illustrated at the top of Fig. 13-43. When the intensities of both sides 
were made equal, the sensory area moved periodically from one side 
the finger to the other, just as for the rotating tone. The time axis in 
Fig. 13-43 runs from the top downward, and also, as in Fig. 13-42, the 
diameters of the circles indicate the apparent spread of the sensory aret, 
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and the degree of shading indicates the density or intensity of the sensa- 
tion. When the phase angle between the two vibrators was zero, the 
magnitude decreased a little, but in going through 180? of phase there 
was a substantial decrease in magnitude, and almost the whole finger 
seemed to vibrate. Localization was sharpest in the extreme lateral 
position at either side. But just as for the ear, clicks were much better 
localized than simple vibrations. 

Beats, A few decades ago the hearing of beats was much discussed, 
though no final agreement was reached concerning the observed phe- 
nomena. Of special interest was the question whether changes of pitch 
occur in a beating tone. Helmholtz (1) calculated the variation in fre- 
quency of the intertone for two beating tones of unequal amplitudes. 
Figure 13-44 shows the variation in frequency (on the left) and the ampli- 
tude (on the right) during one eyele of beats for two beating tones whose 
frequencies were 51 and 50 eps, respectively, and for which the amplitude 
of the higher tone was 1.5 times that of the lower tone. As can be seen, 
at maximal amplitudes the frequency of the intertone is a little more than 
halfway between the two beating frequencies. But for minimum ampli- 
tude the frequency of the intertone moves far above the frequency of the 
higher primary tone. Helmholtz said that he could hear these changes 
of frequency, but Stumpf (1,2) was unable to do so. The whole question 
of beats was summarized by Wever (1). 

In order for the changes in pitch to be observable during beats, one 
beat has to last at least 1 sec. The maximal frequency change during one 
cycle of beat is given by the formula N = n(2AB)/(4* — BY); A > B, 
in which n represents the number of beats per second, A the amplitude 
of the tone with the higher frequency, and B the amplitude of the lower 
tone. Forthe amplitude ratio given above, this formula gives à maximal 
frequency change of 2.4 eps. Unfortunately the just-perceptible fre- 
quency change at a convenient loudness level for a 50-cps tone is about 
2 cps and for a 500-eps tone is about 3 cps for uniaural observation. 
Hence it is difficult to hear variations of pitch during beats. 

In an earlier section an enlarged model of the human cochlea was 


described in which the movements of the basilar membrane could be 


duplicated on a large scale. When the forearm was placed on this model, 


stimulation with a tone produced a sensation on a restricted area of skin 
(1 to 2 em wide), and this area moved along the surface of the arm in 
accordance with changes in the frequency of the tone. This model was 


used to investigate some of the similarities between hearing and the sensa- 


tions of the skin. With beats the model presented the same difficulties 
as the ear, When the beat frequency was one per second, the displace- 
ment of the sensation on the skin was too small for the subject to be sure 
about the feeling of an intertone. But with the model it, was not difficult 
to increase the frequency resolution. By changing the elastic properties 
of its membrane, it was possible to obtain a displacement of the sensory 
area of almost 10 em along the surface of the skin for a frequency change 
llow the sensations during the beats. 


of l eps. It then was easy to fo à i i 
Their course is shown in Fig. 13-45. On the left side the physical stimulus 
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is shown, and on the right side the distribution of the sensation along 
surface of the arm. The high frequencies gave a stimulation of the skin 
to the right along the horizonta 
lines, and low frequencies to the 
left. When the amplitude was al 
its minimum there was sometii 
no sensation, for the amplitude was 
below threshold. As the amplitude 
increased, the “pitch” became 
lower, and at the same time the 
sensation was sharpened. 
“pitch” change of the inte 
could easily be observed. B 
becomes evident, too, that ti 
maximal amplitudes produced. 
fatigue or adaptation effect, so th 
the movements of the sensory area 
were not as easily observed durin 
a decrease of amplitude as d 
an increase. To demonstrate 


Sensation 


Stimulus 


matically switched off during the 
maximum, which facilitated the ob 
servation of the “pitch” variati 

If the beat frequency was in- 


50 5Sicps 


Fic. 13-45. Changes in the locus of the 
vibratory sensation on the arm as ob- 
served in the cochlear model. The vibra- 
tory amplitude during the beat cycle for 
two frequencies of 50 and 51 cps is shown 
on the left, and successive locations of the 
sensation along the arm are shown on 


creased, the sensation at max 
amplitude did not decay rap 
enough and masked the weak 
“pitch” change (which lasted o 
a short time) at the minimum 
The only sensation then was | 


the right. 


pulsation with constant “pitch, 
exactly as described by Stumpf for hearing. 

After observations of the different phenomena on the model it wa 
surprising to find the degree of similarity to the ear. With two 
properly adjusted for magnitude and beat frequency, it was possible W 
training to observe a just-perceptible change in “pitch” during the pe 
of amplitude increase. This observation confirms that of Helmho 
If the amplitudes of the two tones were equal, then there was no varia 
in “pitch,” and this is in agreement with the calculations and observa i 
of Taylor. During all these experiments on the variation of "piti 
during beats the subjects had the impression that the sensation of beat? 
was described by the displacement of the sensation along the arm, ? D 
that the vibration as such did not play any part in the phenomenon, — 

As the beat frequency is increased further, a limit is approached 1 
hearing where the two tones separate and are recognized as such. He 
is a difference between the ear and the model, for the model lacks som 
thing that operates in the cochlea so as to reduce the interaction betwt 
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tones that are well separated along the frequency scale, as shown in 
masking 

In this connection, it should also be mentioned that with the model no 
subject had a sensation of consonance for frequencies such as 70 and 
140 cps when presented consecutively, whereas this sensation is striking 
when these two tones are heard. 


Harmonics on the Skin. In recent years the hearing of beats has again 
received attention because of the use of the method of best beats to deter- 


mine the harmonies produced in the ear by a pure tone. In this method 
a pure tone with a frequency slightly different from that of one of the 
harmonics is superimposed upon the fundamental, and the amplitude of 
the superimposed tone is varied until the beats heard are maximal. It 
is then assumed that the amplitude of the superimposed tone is equal to 
the amplitude of the harmonie produced by the fundamental. This 
method has been used by a number of experimenters.* All these observa- 
tions lead to the conclusion that the aural harmonies are large; thus the 
amplitude of the second harmonie (whose frequency is twice that of the 
fundamental) turns out to be more than 30 per cent of the amplitude of 
the fundamental. The question is, do these large distortions have a 


physical existence, and in what part of the ear do they arise? 

It has been shown that the eardrum produces nonlinear distortions 
only for sound pressures above the threshold of feeling (page 332). The 
same holds for the movements of the basilar membrane when only the 
periodic movements are taken into account (page 464). Eddies may 
produce a displacement of the zero position of the basilar membrane, but 
this does not affect the periodic movements because this displacement is 
built up only during several periods by mass forces of the fluid. The 
organ of Corti might have inside it a nonlinear mechanical distortion, but 
this would not modify the vibrations of the basilar membrane, for it is 
known that it is possible even to brush the organ off the basilar membrane 
without producing any notable change in the vibratory pattern of the 
membrane (page 467). ; 

At the dei. Mem is no proof that the organ of Corti produces 
harmonies, in spite of evidence that the shearing forces inside the organ 
of Corti may do so. When the electrical response of the cochlea is 
recorded, large harmonies are observed (Stevens and Newman; Wever, 
Bray, and Lawrence, 1). It may be that these distortions are produced 
by a combination of the mierophonies plus the action potentials of the 
herves, since even with differential electrodes it is difficult to separate 
these two phenomena. In addition, polarization effects on the cell walls 
may play a role. Chocholle and Legouix (see Legouix, Chocholle, and 
Wisner) suggested that the nonlinear distortion of the microphonics may 
have several causes. Vie 

With these circumstances in mind an investigation was made of the 
harmonies produced on the skin by use of the method of best beats just 
as for the ear. The skin has no organ of Corti, and the mechanical 


* Wegel and Lane, Fletcher (3), Békésy (b. 332), Moe, Lewis, Opheim and Flot- 
torp, Lawrence and Yantis. 


578 COCHLEAR MECHANICS 


forces are transmitted through a single layer to the sense organ, instead 
of along the complicated path through the middle ear and the perilymph. 
Large amplitudes were produced with an electrodynamically driven 
vibrator and were measured with a condenser microphone (Backhaus, 1). 
For most measurements the tip of the finger was used, mainly because 
it provides a wider range of intensity. In most of these measurements 
the movements of the vibrator were tangential to the surface of the 
skin, so that the vibrations did not penetrate into the deeper layers. 
The use of pure shearing forces made the measurements easier to repro- 
duce, but in general the result was no different if the tip of the vibrator 
was simply pressed against the tip of the finger. 
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Fig, 13-46. Observations of best beats as observed on the finger tip. The fundamental 
(first harmonic) was 20 cps, at a level of 20 db above threshold. 


There are several ways to observe best beats. One is to concentrate 
on the maximum of the “loudness, ” or the minimum, and adjust the ampli- 
tude of the superimposed tone so that the two become distinct. An 
effort was made to adjust the superimposed tone so that the variation 
in “loudness” was maximal during the beats. The heavy solid line in 
Fig. 13-46 represents the amplitudes of the superimposed vibrations 
relative to the amplitude of the fundamental vibration of 20 cps for 
mechanical lateral stimulation of the finger tip. (The thin lines of this 
figure will be discussed later.) For the higher harmonies, the vibratory 
amplitude that gave the best beats decreased rapidly. But as it turne 
out, the magnitude of the harmonies was larger on the skin than in the 
ear. The amplitude of the second harmonic* on the skin was 70 per cent 
of the fundamental. About the same value was obtained on the other 
areas of the skin that were less sensitive than the finger tip. In com 
paring the amplitude of best beats on different sensitive spots of the skin 


* It should be borne in mind that the second harmonic is the first overtone, the 


third harmonic the second overtone, and so on. 
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the findings of Egan and Klumpp were borne in mind. They showed 
that near threshold there is a tendency to overestimate the amplitude 
of the best beats because the best amplitude is not approached from the 
lower as well as from the higher amplitude. An attempt was made to 
avoid this mistake as much as possible. 

The large values obtained for the harmonics raised the question 
whether the method of best beats really measures the harmonics. The 
method of best beats has been used by musicians for hundreds of years 
to select a single component from a complex sound. It was natural, 
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Fic. 13-47. Wave patterns of the sum of two tones with a frequency ratio of 1:3. 
Above are amplitude curves, and below are the first derivatives of these curves for 


three phase relations. 


therefore, to use the same method to pick out harmonics after the con- 
cept of nonlinear distortion became familiar in telephone engineering. 
But let us assume for a moment that there is no nonlinear distortion at 
all and investigate what sensation we should expect to be produced by a 
sinusoidal vibration superimposed upon a stronger fundamental vibra- 
tion. Let us first consider an odd frequency ratio like 1:3. In Fig. 13-47 
the upper row of drawings shows the amplitude for three different phase 
relations, and the lower row of drawings the variation of the amplitude 
with time. During a beat all the different phase relations follow each 
other successively. As can be seen from the drawings, the variation in 
phase produces two different changes: (1) the maximal amplitude of the 
complex vibration varies periodically, and (2) there is a change in the 
slope at which the amplitude rises with time. The question 1s, which of 
these two changes produces the sensation of beats? In an effort to 
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Fra. 13-48. The amplitude fluctuation of the sum of two tones with a frequency ratio 
of 1:3 as a function of their relative amplitudes. The dashed curve represents the 
first derivative of the amplitude. 


vibration was about the same as the values for which most observers 
obtained the best beats. Increasing further the amplitude of the super- 
imposed vibration did not increase the magnitude of the beating sensa- 
tion, for the variation of the peak values remained constant, and only 
the absolute value of the vibratory amplitude increased. On the con- 
trary, the sensation of beating decreased because magnitude variations 
were about proportional to the percentage changes in amplitude. Figure 
13-48 shows relative variations of the peak values of the amplitude 
during the beats (ü.e., peak amplitudes divided by the mean peak ampli- 
tude) as a function of the amplitude of the third harmonie relative to the 
amplitude of the fundamental. There is a maximum when the amplitude 
of the third harmonic is 9.5 db below the amplitude of the f undamental. 
As can be seen in Fig. 13-46, the subjects obtained amplitudes slightly 
larger than this for the best beats of the second harmonic. K 

The dashed curve in Fig. 13-48 represents the relative variation IM 
peak values for the steepness of the vibratory pattern. The maximum 
of this eurve is at a much lower amplitude of the superimposed harmonic 
than those found in the experiments. 
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For the even-numbered harmonics the situation is similar. Figure 
13-49 shows vibratory patterns of a 1:2 frequency ratio for different 
phase relations. The patterns of the even-numbered harmonics are 


asymmetrical with the time axis, whereas the odd ratios are symmetrical. 
A d-c pressure superimposed upon the complex vibrations with an odd 
number of harmonies did not influence the beating sensation, in contrast 
with the complex vibrations obtained with an even number of harmonies. 
For a phase ¢ = 2/2 in Fig. 13-49, the downward movement of the 
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Fic. 13-49. Wave l of the fundamental and second harmonie 
Qe 1030, > patterns for the sum | und : 

With different phase relations. On the right are indicated the crossed of the 
finger that will produce noticeable increases in intensity with these wave patterns. 


vibrator was larger than the upward one, and therefore the peak of the 
downward movement determined the magnitude level. The relative 
downward movement of the vibration on the finger tip could be increased 
by raising the finger, and in this manner the magnitude could be increased. 
When the phase was $ = 37/2, à downward movement of the finger 
produced an increase in the magnitude. These magnitude increases 
produced by a pre-tensing of the skin were large. When the vibratory 
pattern was symmetrical with the time axis, as for ¢ = 0, an up or down 
Movement of the finger tip produced a small increase m magnitude com- 
pared with the indifferent state. The indifferent state could be pro- 
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duced by a slight push or pull on the skin, and this made the sensation 
symmetrical. This symmetrical sensation lasted for only a few seconds. 
It should be mentioned in this connection that the “pitch” of the vibra- 
tory sensation changed whenever the stimulating peak of the amplitude 
was made, as in the upper drawing of Fig. 13-47 for $ = 0, or in Fig. 13-49 
($ = 7/2), where the addition of a d-e displacement to the finger caused 
the flat peak of the amplitude to become the stimulating one. 

Since a small positive or negative displacement is always present in 
the skin of the finger, a caleulation was made of the magnitude of the 
beats for odd frequency ratios by observing the variations of the peak 
amplitudes on one side of the time axis and dividing them by the mean 
value of the amplitudes. The results are shown in Fig. 13-46. The 
agreement between calculated and measured values is so good that we 
have to conclude that the phenomenon of best beats can be explained 
without the presence of nonlinear distortion. It is only necessary to 
assume that the sense organ registers as the sensory magnitude the peak 
values of the amplitude. The amplitude ratio between the harmonie 
and the fundamental that gives the best beats has nothing to do with the 
physiology of the sense organ but is a quality of the stimulus signifying 
that the relative amplitude variations are at their maximum. 

In order to test this conclusion the amplitude ratios for best beats 
were observed for electrical stimulation of the finger tip. Referring 
again to Fig. 13-46, we find that the slope of the curve for electrical 
stimulation is similar to that obtained for mechanical stimulation. In 
general, the amplitudes obtained for best beats for the harmonics were 
larger because the available amplitude range for electrical stimulation 
was small. The high levels were painful, and subjects sought to avoid 
the pain threshold. 

A further test to show that the amplitude of best beats is to a large 
degree independent of the physiologieal condition of the sense organ is to 
determine the best beats for the second harmonie in different octave 
bands in which the sensitivity of the sense organ increases, decreases, Or 
remains constant. In Fig. 13-50, the upper curve shows the threshol 
for sinusoidal vibrations on the finger tip. In the lower drawing the 
ordinate gives the relative ratios of the amplitude of the second harmonie 
to the amplitude of the fundamental giving the best beats. The ratios 
show only small variations. They are larger for the insensitive frequency 
range because of the smaller available intensity range. 

Although the amplitude ratio that produces the best beats seems to 
be a property of the stimulus, this is not true of the magnitude variations. 
We may expect that, as the frequency increases, the nerve impulses, 
because of refractory phase, are no longer able to follow the amplitude 
during the short time of its peak, and for this reason the increase of 
magnitude during the peaks is less pronounced. Subjects were ask 
to compare the magnitude of the beat sensation at low frequencies with 
the beats at higher frequencies and to estimate the magnitude of the 
high-frequency beats relative to the low-frequency beats. The results 
are shown on the left of Fig. 13-51 for the finger tips of two observers. 
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Above 100 cps there was an appreciable diminution in the size of the 
beat sensation, and above 1000 eps the beats became so small as to be 
barely noticeable. "The smallness of the beats made it impossible to 
carry the measurements of Fig. 13-51 above 600 eps. Probably the 
sudden increase in the threshold in Fig. 13-50 above 500 cps reflects 
the fact that the nerve impulses were no longer able to follow the rapid 
variations of amplitude. 
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Fio. 13-51. The estimated magnitude of best beats as a function of frequency, for 
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As the thresho hearing begins to rise only above 4000 cps, the 
elements of the er Mas Du should have a relatively short 
refractory phase. When this experiment was repeated with pure tones, 
the curve shown on the right side of Fig. 13-51 was obtained. The 
magnitude of the sensation of best beats was constant up to about 700 cps, 
and above 6000 cps beats were again observed with difficulty. The 
frequency range in the auditory system seems to extend about ten times 
higher than the vibratory sensation in the finger tip. 
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Harmonics in the Model and in the Ear. The model of the inner ear, 
enlarged according to dimensional laws and supplied with the skin of the 
arm as a sense organ, has proved useful in investigating many details 
of hearing. ‘Therefore the amplitudes of best beats were determined on 
the model by exactly the same method used to determine harmonies in 
hearing. The thin lines in Fig. 13-52 show the amplitudes for best 
beats in hearing as obtained by three different authors. ‘The heavy 
line shows the best beats obtained on the model for the second and third 
harmonics. ‘Their amplitudes seem to be about the same as those found 
in hearing. Unfortunately it was not possible to measure the higher 
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Fra. 13-52. Amplitudes of best beats for the ear, for the finger tip, and for the model. 
The results on the ear were obtained in three different investigations. 


harmonics because the model was short and covered only two octaves: 
Nevertheless it is apparent that the beats observed in the model must 
be different, from the beats observed by the vibrations of one small 
section of the surface of the skin where the fundamental and harmonics 
stimulate the same area, 

We know from Fig. 13-48 that the first derivative of the sum of the 
fundamental and the third harmonie has a maximal value for a certain 
amplitude ratio. If we compare the amplitudes of the best beats in 
hearing with the first derivative of the amplitudes of the sum of the 
fundamental and third harmonie, we see in Fig. 13-52 that the first 
derivative has almost the same values ns the best beats found in hearing 
It might seem reasonable, therefore, that in the model and in hearing 
also the first derivative is the stimulus for the perception of best beats. 
But closer observations with the model showed that this assumption § 
not correct. 
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There is a large difference between the beating sensation on the finger 
tip and on the surface of the arm resting on the vibrating membrane 
of the cochlear model. On the finger tip the beats are recognized as 
amplitude variations, whereas on the arm resting on the model the beats 
manifest themselves mostly as a change in the place of stimulation along 
the arm. This difference is illustrated in Fig. 13-53. The shaded areas 
on the left side of the figure represent the basilar membrane with its 
width increasing from the “stapes” (in the middle of the drawing) to 
the left. The locations of the sensations produced on the skin of the 
arm are represented, according to their magnitude and shape, in the top 
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Fic. 13-53. The pattern of sensation of the skin of the arm as a function of waveform: 
(a) shows the pattern for the fundamental alone, (b) for the second harmonie alone, 
and (c) and (d) for these two tones when beating at their two extreme positions. 


drawing for the fundamental and in the second drawing for the second 
harmonie, Because it is at a higher frequency the harmonic 1s localized 
closer to the “stapes.” When the fundamental and the overtone were 
Presented simultaneously, the locus of the sensation during the beats 
Periodically oscillated between the two positions shown in the two lower 
drawings. The extreme positions both lie between the positions obtained 
from the single tones, and they are more spread out than the sensations 
obtained for pure sinusoidal vibrations. From this it seems that when 
the arm is resting on the membrane, an upward displacement of the 
membrane produced by a displacement of the “stapes to the left feels 
stronger than a downward displacement. When the top of the combined 
displacement is flat, as in the third drawing down, the two rapid vibra- 
tions of the time pattern are felt, and the sensation is localized in the 
Neighborhood of the “stapes.” When during the beating the phase of 
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the harmonie is reversed and the harmonic amplitude is added to the 
maximum of the fundamental, the upward displacements of the mem- 
brane have a low periodieity (as the lowest drawing shows), and the 
sensation is located to the left side of the membrane. 

The same observations were made for a frequency ratio of 1:3, with 
results given in Fig. 13-54. Because the distance between the frequencies 
was larger the sensation during the best beats remained closer to the 
sensations obtained for the sinusoidal vibrations. During the oscillations 
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Fra. 13-54. Results, as in the preceding figure, for a fundamental and its third 
harmonic. 


of the locus of the sensation from the extreme position of one side to the 
other side, the intermediate stages in the frequency ratio 1:3 were more 
difficult to observe than for the ratio 1:2, and this gave the impression 
of a jump. 

The adjustment of the amplitude of the harmonics for best beats is a 
delicate one, and 2 or 3 db can make a large difference in the displacement 
of the locus of stimulation. But with a proper adjustment there was the 
impression that the amplitude modulation during the beats was almost 
negligible compared with the sensation of the oscillations of the locus. 
However, if the attention was directed to the region near the “stapes” 
or to the region near the “helicotrema”’ and there were more than three 
beats per second, there was a tendency to suppress the rapid late! 
oscillations along the surface of the arm and to observe an intensity varis- 
tion at the place where the attention was focused. A disturbing effect 
during these observations was an adaptation of the skin for vibrations, 
which was much more pronounced than the adaptations of the ear. 
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was frequently necessary to interrupt the observations and rest. In 
most of the observations the frequency of the fundamental was 50 cps. 
Control observations were done with 20 and 80 eps. 

It should be mentioned that, during all these observations on the 
model of the ear, the “pitch” of the vibrations as such hardly came to 
consciousness because the place of the stimulus on the arm was the pre- 
dominant sensation. 

In spite of the fact that the “pitch” of the vibration was not observed 
directly, all the beating phenomena experienced with the model agreed 
with those observed in the ear. From this correspondence it seems clear 
that the periodicity of the nerve impulses does not play an important 
part in the production of beats, and that the place of maximal sensation 
along the basilar membrane corresponds to pitch in hearing. At the 
same time it is certain that volleys are fired in the rhythm of the periodic- 
ity of the vibrations along the nerve fibers leading to the higher neural 
level. Keidel (2,3) recently made some observations of volleys on the 
skin of the frog. 

After these experiences with the model, beats were observed for tones at 
several frequencies, e.g., 200 and 600 eps. The same phenomena were 
observed as with the model. As in Figs. 13-53 and 13-54, during the 
beats the pitch of the tonal complex oscillated between two values. 
When the sound pressure in the external auditory meatus was given a 
pattern similar to the upper drawing in Fig. 13-47 for @ = 0 the pitch 
was high, and when it corresponded to the pattern of $ = r the pitch 
was low. Because positive and negative sound-pressure patterns are 
the same for the frequency ratio of 1:3, the polarity of the earphone is 
unimportant. It is not so if the frequency ratio is even, suchas 1:2. As 
already seen in the observations on the finger tip (Fig. 13-49), a pull or 
push on the finger may favor the upward or the downward movements of 
the vibrating rod. With this technique it is possible to discover whether 
there is a resting tension in the sensitive cells of the ear which is always 
superimposed on the vibrations and favors a displacement in one direction. 

For this purpose five subjeets were asked to indieate whether the loud- 
ness of beats between 200 and 401 eps was maximal when the sound 
pattern in the meatus was like the pattern for ¢ = 1/2 or d = 3r /2 in 
Fig. 13-49. The subject could observe the sound pressure in his meatus 
on the oscilloscope. Most of the subjects made a definitive statement 
one way or the other, but sometimes after à few hours they reversed their 
statement or were no longer sure about it. From this it seems that in 
the normal ear there is no mechanical resting tension in the sensitive 
cells, or at most there are only small fluctuations about a zero value. It 
would be interesting to repeat these experiments on patients diagnosed 
as having a “hypertension in the cochlea." Perhaps by this means it 
might be discovered whether the blown-up Reissner’s membrane often 
seen in histological sections of the organ of Corti is an artifact or whether 
it is a consequence of tensions in the inner ear. : 

In conclusion it may be pointed out that in electronics the search tone 
has provided a highly successful method for performing harmonic analyses 
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of complex sounds. The adjustment to best beats makes it possible to 
estimate the relative amplitudes of the different components. From th 
point of view of measurements it seemed reasonable to apply this 
nique to the determination of the nonlinear distortions of the ear, 
vided that the ear was capable of isolating the observed harmonie fro 
the complex sound with such aceuracy that the amplitude variations of 
the harmonie would be recognized, undisturbed by the other sounds, 
technical equipment this isolation is achieved by the use of a filter, 
turns out, however, that neither the skin nor the ear has such an ab 
of frequency discrimination, and therefore some other factor prod 
beats larger than the beats produced by the harmonics. Consequently 
it must be concluded that the method of best beats docs not give a meas 
ure of the overload of the organ of Corti. An earlier paper has to be 
corrected in this respect.* In the ear the best beats are determined 
largely by the difference limen for loudness and pitch, and this is probal 
the reason why in pathological cases these beats are related to recruitment, 
as mentioned by Opheim and Flottorp. 

The situation does not alter measurements made with beats or their 
usefulness for diagnostie purposes. But it means that the definition of 
nonlinearity, as used in electronics, cannot be applied to the ear by 
using loudness as an indicator. To what degree conclusions drawn 
the study of harmonies apply to difference tones will have to be inve 
gated separately. The same holds for the clinical diagnosis of nel 
deafness. The combined frequency and amplitude modulation obtai 
by the method of best beats, as investigated by Lawrence and Yan 
may have some technical or clinical advantages over the simple amplit 
or frequency modulation. 

The complicated nature of beat phenomena in a complex wave can bi 
seen if we observe the beats of different waves. Figure 13-55 shows 
harmonics calculated for three different wave patterns. The square W 
has no second or fourth harmonie and represents the maximal overload of 
a sinusoidal wave. Yet if we listen to it, the square wave beats with the 
fourth harmonie. In the ear this may be a consequence of phase dis 
tion. To avoid any type of distortion an electric square wave with p 
cise corners was used as a stimulus. When the fourth harmonic | 
superimposed upon this square wave the maximum of the ampliti 
remained constant. The experiences with sinusoidal variations theref 
suggested that no beats would be observed during electrical stimulati 


* Bee p. 332. There seem to be three ways in which best beats can arise bet’ 
a fundamental and a harmonie: (1) mechanically in the ear, (2) by a pure tone in 
auditory nervous system, and (3) as an amplitude ratio between the harmonic an 
fundamental representing the pattern of vibration of the sum of the fundamental 
the beating search tone. Twenty years ago the author assumed that only the | 
two possibilities had to be considered. As it is possible to decrease the loudn 
the fundamental considerably by fatigue without at all affecting the amplitude 
producing best beats, it now appears that these beats arise in the ear through mech 
cal processes and are independent of the state of the nervous system. The au 
now believes that the third possibility predominates, and the method of best 
does not give any information regarding nonlinearity in the ear. 
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of the finger tip. Experiments showed, however, that beats were 


observed, and their sensory magnitude increased continuously as the 
amplitude of the harmonie was increased, without exhibiting an optimum. 
If the oscilloseope was observed as the current was passed through the 
skin, it was found that the sensation of maximal stimulation was obtained 
just at the moment when the maximal steepness of the harmonic was 
added to the steepness of the square wave (see Fig. 13-56). 
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Fic. 13-55. Measurements of harmonie amplitude by the best-beat method, for 
different waveforms as indicated. 
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Fra. 13-56. Effects of superimposing a fourth harmonie on a square wave. 


The simple rule found for the harmonies of à sinusoidal vibration, 
namely, that the magnitude is determined during the beats by the peak 
of the amplitude, is not correct for vibratory patterns with a steep front, 
as in a square wave. Here the steepness produces the maximal nerve 
excitation, Unfortunately we know very little about the way in which 
à steep wavefront, as in a square wave, is transmitted to the inner ear or 

OW it travels along the basilar membrane. Consequently we do not 
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have the fundamental faets that would permit an analysis of the beats of 
complex patterns. 


NEURAL VOLLEYS AND SIMILARITIES BETWEEN TONAL AND 
CUTANEOUS SENSATIONS* 


The following section continues the investigations of similarities 
between hearing and the sensations produced by the vibrations of the 
skin, with the aim of outlining the phenomena for which the organ of 
Corti, with the basilar membrane, is superior as a sense organ to the 
simple structures of the skin. This study should lead to a better under- 
standing of the purpose of the organ of Corti, with its elaborate anatomical 
arrangement and its division into inner and outer hair cells. In evaluat- 
ing the analogies and the differences between the surface of the skin and 
the organ of Corti, it should not be forgotten that the mechanical vibra- 
tions of the skin and the basilar membrane are similar: if we touch the 
surface of the skin with a vibrating body or move the stapedial footplate 
of the ear, traveling waves arise. But for the skin the maximum of 
vibratory amplitude is always directly beneath the vibrator for all fre- 
quencies, whereas for the basilar membrane the place of maximum vibra- 
tion changes with frequency. Therefore on the skin the sensation of 
vibratory “pitch” is given entirely by the periodicity of the volleys in 
the nerves, whereas in the ear the pitch can be determined further by 
the place of maximum stimulation along the basilar membrane. 

On the whole, the volley principle was used to design experiments on 
how the skin perceives the frequency and locus of a vibrator. In this 
approach an attempt was made to find a connection between a purely 
phenomenological description of the experiences of hearing and skin 
perception and the findings of the newer electrophysiology. It should 

. be possible to interpret some of the phenomena in terms of neural dis- 
charges, though in doing so many difficult problems arise. 

‚To illustrate the problems faced in a eonsideration of the simple neural 
discharges in the various nerve cells, see Fig. 13-57, which represents in & 
sketehy way the interconnections between the nerve cells and the end 
organs according to our present knowledge of neuroanatomy and electro- 
physiology (Ruch, 2). The sketch is two-dimensional, but it should be 
extended to three dimensions. At the bottom is represented the dis- 
tribution of the magnitude of a constant stimulus along the surface of 
the skin containing the end organs. Groups of end organs are intercon- 
nected by nerve fibers. The end organs are interconnected with one 
another, and it may happen that one end organ is connected to two oF 
more different nerve fibers. Interconnections running parallel to the 
surface of the sense organ are found not only in the skin but also in the 
ear and eye to a more or less developed degree. As a whole they con- 
stitute a plexus. The ascending nerve fibers lead to a layer of ganglion 
cells, and the cells are laterally interconnected. The same situation is 


* Article 81 as listed in the Author’s Bibliography. Published in 1957. 
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repeated several times. The top of the figure indicates that the lateral 
spread of the sensation seems to be smaller than the spread of the stimulus. 
This is certainly true for skin sensations, for a vibrator may produce 
traveling waves that extend for great distances along the surface of the 
skin, as may be seen by stroboscopic illumination. Nevertheless, only 


the skin below the vibrator is felt as vibrating (Keidel, 3). 

In the lower part of the figure the neural discharges are shown in the 
nerve fibers coming from the end organs. According to our present 
knowledge of electrophysiology, for a steady stimulus the rate of dis- 
charge increases with the magnitude of the stimulus. If the magnitude 


Sensation 


m t à 


Stimulus 
Fra. 13-57. Sketch of the interconnections of the end organs with the nerve cells at 
various levels, Also shown are the spatial distributions of the stimulus (below) and 
the resulting sensation (above). After Ruch, based on numerous studies. 


of the stimulus oscillates with time, the discharges come in bursts or 
volleys in synchronism with the period of the oscillations, provided that 
the stimulus is sufficiently strong. On the edges of the stimulus, however, 
it may happen that the frequency of the stimulus is higher than the 
frequency of the discharges. Then only every second or third cycle of 
the stimulus is able to produce à discharge, and the periodicity of the 
discharges is smaller on the edges of the stimulus than in the middle. 
Under these conditions we may expect the sensation of vibratory “pitch 

9n the skin to be determined not only by the frequency but also by the 
intensity and local distribution of the stimulus along the skin surface. 

e experiments showed this conclusion to be correct. 
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The electroanatomical scheme of Fig. 13-57 suggests many expe 
along the lines of three main problems: (1) How is the sensation | 
vibratory “pitch” correlated with the frequency of the stimulus? 
How is the location and lateral spread of the sensation determined 
the stimulus? (3) How is the magnitude of the sensation influenee 
by the stimulus? Only experiments related to questions (1) and (2) wi 
be considered here, because magnitude is a most difficult question in n 
tion to our present knowledge of electrophysiology. 

It should be mentioned that some of the experiments were made 
only three or four subjects, because the chief interest was in workit 
out the relations between the different phenomena rather than obtain 
representative values for a large group of people. But many of 
Observations were made more than ten years ago and have now 
rechecked. The repetition of many of the observations in dif 


The Sensation of Vibratory "Pitch." The sensation of to 
“pitch” on the skin depends but little on the area of the skin expose 
vibrations. If the tip of the finger is touched to a vibrating needle 
then to a surface vibrating at the same frequency, there is hardly 
difference in the “pitch” if both sensations are adjusted to be equall 
strong. The reason for this is probably that the vibrating needle pm 
duces traveling waves and stimulates a large area. 

But according to the scheme of Fig. 13-57 we should expect the pitel 
to change with a variation in the intensity, for the frequency of th 
bursts of discharges on the edge of the stimulus may change. $ 
values obtained for sinusoidal mechanical vibrations on the tip of th 
finger with a rod 3 mm in diameter are represented in Fig. 13-58 in the 
form of curves of equal “pitch.” Three standard vibrations were used 
with frequencies of 25, 50, and 100 cps, and all with an amplitude 20 
above threshold. They are indicated by circles in Fig. 13-58. Othe 
vibrations were adjusted to these standard vibrations so that, for differen 
values above threshold, the “pitch” seemed to be the same as that of th 
standard vibration. The amplitude above threshold is given on 
abscissa and the frequency on the ordinate. The crosshatched 
along the curves of equal “pitch” represents the spread of the obse 
tions for different subjects. As there is always a chance that the 
tions on the tip of the finger are modified by the tendons and m 
below the skin, the measurements were repeated on parts of the bod 
with no underlying tendons or muscles. The general slope of the curve 
of equal “pitch” remained the same. à 

Figure 13-58 shows that, when the frequency of vibration was kep 
constant, an increase in the vibratory amplitude produced an ap 
drop in the “pitch.” In order to keep the “ piteh" equal to that of 
standard, the frequency of the vibrations had to be increased. 7 
drop in “pitch” as the amplitude increased is not inconsistent with 
scheme represented in Fig. 13-57. Surely for continuous stim 
with inereasing amplitude, the rate of the neural discharges increa : 
has been found over and over again. But when the vibrations 8 
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alternating, the main phenomena are diferent. When the alternating 
vibrations are small, the neural discharges may have a smaller frequency 
than the stimulus itself. Owing to the refractory periods, the 

are out of synchrony with the stimulus and are irregular. Since there 
are several nerve tracts, the asynchronous discharges produce a sort 
of white noise, and the “piteh” of this white noise is higher than the 
“pitch” of the sinusoidal stimulus. With increasing amplitude of the 
vibrations. the discharges become more and more synchronous with the 
vibrations, and the somewhat smoother sensation produced by the white 
noise becomes increasingly rough, with a time pattern that produces 
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Fic. 13-58. Curves of equal vibratory “pitch.” Each curve — ae 
frequency necessary to mais equality of “pitch” with a of 6; 00, and 
100 eps at 20 db above threshold. 


sensation of lower “pitch.” This gradual change from smoothness to 
roughness with increasing loudness can be observed in many situations. 

If the change in the type of neural discharge is responsible for the 
change in “pitch” with increasing intensity, then it should be irrelevant 
whether the stimulus is produced by mechanical vibrations or by stimula- 
tion with alternating current. The difficulty with stimuli produced 
electrically is that they are more diffuse than those produced mechani- 
cally, and electrical stimulation therefore produces not one but several 
different simultaneous sensations that are sometimes difficult to separate. 

First of all, with electrical stimulation we have to consider that both 
electrodes may produce a stimulus, and we must first make sure that the 
resulting stimulus on the skin occurs at the place to which we are referring 
and is not masked by a stimulus produced by the second electrode at a 
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different place. 
times difficult to 
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Fig. 13-59. The three types of sensation 
produced by electrical stimulation on the 
finger tip. 


creasing frequency. At low frequen 
(4) It should be further mentioned 
during observations at lower frequen 

It is fortunate that the r 
is sometimes different on di 
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In a larger frequency and amplitude range, it is some- 
avoid the masking effect of the second electrode. 
or even the splitting of the electrode into 


The 


may help to satisfy 
trode. 


y produce several sensations with different 
pecially when the frequency and amplitude ranges 
(1) There is a sensation directly beneath the electrode that 
with the sensation produced mechanically, 


It changes its 
and it is sometimes impossible to 
echanically or electrically. This 
produce beats with a mechanical 
presented simultaneously. (2) In 
addition to the above-mentioned 
sensation, there may be a sharply 
localized prick that jumps from one 
point to another. Its “pitch” de- 
pends mainly on the intensity of the 
current. It may be felt on a large 
area and can mask almost any 
other sensation. Its “ pitch" is 
independent of the frequency of the 
current for frequencies higher than 
20 eps. At lower frequencies it 
becomes modulated. It does not 
occur at low current densities. (3) 
Especially during the onset or 
decay of the a-c stimulus, a small 
push or pull is discriminated, which 
inereases in magnitude with in- 
cies it becomes identical with (1). 
that the pulls may be disturbing 


cies. 
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The interesting thing noted in these observations is that the change in 
“pitch” with intensity seems to be completely continuous. If a larger 
number of neural groups were in phase with the stimulus, we should 
expect that, in aecordance with the role of the refraetory phase of the 
nerves, there would be some jumps in “pitch” during the intensity 
increase. Since this seems not to be so, the question arises whether 
there are still other nerve groups that could be synchronized. This 
possibility was tested by using square vibrations, either mechanical or 
electrical ones. Because of the sharp onset, the synchronization of the 
discharges for these stimuli should improve. As Fig. 13-61 shows, this is 


cps Electrical stimulation 


0 10 20 30 40 50 
l Decibels above threshold 
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FiG. 13-60. Curves of equal vibratory “pitch” for electrical stimulation. Compare 
with Fig. 13-58. 


indeed the case. A square vibration with a constant frequency of 20 eps 
was matched with a sinusoidal vibration so that the sensory magnitude 
and the “pitch” seemed to be equal. When this was done at different 
levels of intensity, two relations emerged. (1) The “pitch” of the 
Square vibration decreased with increasing intensity, relative to the 
sinusoidal vibrations. Hence for sinusoidal vibrations 40 to 50 db above 
threshold the synchronization is still not complete. (2) When the 
Square and sinusoidal vibrations were matched for “pitch,” the periodicity 
of the sinusoidal vibrations was about twice the frequency of the square 
vibrations. In terms of neural discharges, this means that in a sinusoidal 
vibration during one full period only one volley of discharges is produced. 
In the square vibration, on the other hand, two volleys are produced 
during a full period, one during the upward movement of the vibrator. 
This is in agreement with electrophysiological experience, which shows 
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that rapid changes in the stimulus are more likely to produce a volley 
than slow ones. Thus on the finger tip square vibrations at the given 
frequencies may produce a volley during the movement in each direction, 
in contrast to the sinusoidal vibration, which acts only in one direction. 

In hearing there are pitch changes of pure tones with increasing inten- 
sity, but they are of much smaller magnitude. This difference indicates 
that the pitch sensation in hearing is not produced by the volleys in the 
same way as the pitch sensation on the skin. 
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Fra. 13-61. The variation in the “pitch” of a mechanical Square wave of 20 cps as a 


function of its level of magnitude, expressed in terms of an equal sinusoidal vibration. 
The three curves represent different subjects. 
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Fra. 13-62, Arrangement of a series of vibrators to show inhibition, 


Summation of Vibratory Stimuli with Different Frequencies. From 
the scheme of F ig. 13-57, it can be seen that for sinusoidal vibrations 
the frequency of the volleys is smaller on the edge of the stimulus than 
in the middle. Thus along the surface of the skin there are simultaneous 
volleys of different frequency. This raises the question as to what 
happens to the volleys whose frequencies differ from those along the 
majority of the neural pathways. In a preliminary experiment on this 
question, a set of vibrators was placed 2 em apart along a line, as shown 
in Fig. 13-62. The vibrators were driven by short clicks that increased 
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in frequency from left to right, each vibrator one octave higher than its 
left-hand neighbor. The lowest frequency was 20 eps and the highest 
300 cps. The tips of the vibrators touched the surface of the skin. The 
intention was to stimulate only sharply defined areas on the surface of 
the skin and to avoid traveling waves along the skin by pressing the 
solid plate against the skin’s surface. The amplitudes of the vibrators 
were adjusted so that when they were presented separately each produced 
a sensation of the same sensory magnitude. The stimulus along the 
skin may be represented by the upper drawing of Fig. 13-63. 

The sensation produced by such a stimulus pattern was extraordinary 
in that only one “pitch” was felt; this “pitch” corresponded to the 
place on the skin where the magnitude was concentrated. The lower 
drawing in Fig. 13-63 illustrates this situation. Increasing the amplitude 
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Fra, 13-63. The sensory effects of presenting five vibrations to the skin simultaneously, 
with frequency varying as shown. 


of one of the vibrators caused the location of the sensation to approach 
the position of this vibrator. However, not only the location of the 
sensation moved toward that vibrator, but also the “pitch” came closer 
to the “pitch” that would be produced if that vibrator were presented 
alone, 

From this we conclude (1) that, as a consequence of the interaction 
between the volleys of different frequencies, the "pitch" is determined 
to a large degree by the “pitch” of the volley with the maximal mag- 
nitude. The frequency patterns of all the other volleys are inhibited 
and disappear from the picture. (2) We have to conclude further that, 
in spite of the fact that the frequency pattern of the volley disappears, 
this is not true of the magnitude contribution of that volley, because the 
switching on and off of the vibrator at either extreme end changed the 
magnitude of the sensation without affecting the "pitch." Thus up 
to a certain distance from the locus of the sensation we have “pitch” 
inhibition with a simultaneous summation of magnitude. 

When the skin of the lower arm was stimulated by vibrators 2 em 
apart, it was possible to determine how the inhibitory interactions 
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developed after the onset of the stimulus. "This situation is shown in the 
upper drawing of Fig. 13-64 for five equally “loud” vibrators at frequencies 
ranging from 20 to 320 eps. For a few seconds after the onset of the 
stimulus, the vibrators at 20 and 320 cps were felt separately, each at 
its own “pitch” and each in its own place. But after only 10 sec the 
whole stimulus flowed together toward the center, and a sharply defined 
maximum appeared whose “pitch” corresponded to the vibrator in the 
center. However, a long build-up of the sensation was difficult to 
achieve. As little as a 30 per cent increase in the vibratory amplitude 
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Fra. 13-64. The form of distribution of sensation produced by the situation shown 


in the preceding figure, (a) as a function of time and (b) as a result of emphasizing 
the middle vibrator. 


of the center vibrator at 80 cps made it impossible to feel the two end 
vibrators separately, and the central maximum became apparent almost 
immediately (Fig. 13-645). The build-up time could be made still 
smaller by moving the vibrators from the lower arm to more sensitive 
areas near the finger. Even after all the vibrators were carefully adjusted 
to equal magnitude when presented separately, the build-up time was 
often four to five times smaller on the finger than on the lower arm. 

All the experiments described above were repeated with electrical 
stimuli. The solid plate in Fig. 13-62 was grounded and attached to 
the indifferent electrode on the body. The vibrators were isolated 
and the tips served as stimulating electrodes. The electric field was 
sharply localized because the current flowed from the vibrator tip to the 
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edge of the opening, a distance of less than 1 mm. The inhibitory effects 
obtained for “pitch” and the summation for magnitude were the same 
as for mechanical stimulation. 

It is obvious that the experiment described above is important for an 
understanding of the neural functioning of the inner ear. This too shows 
that even a flat maximum is enough to set in action inhibitory effects 
that determine the pitch and lateral spread of a sensation. Neuro- 
logically there'seems to be no need to sharpen the amplitude distribution 
of the vibrations along the basilar membrane by a better mechanical 
filter action of the membrane. The present flat maximum of the traveling 
waves seems to be enough to set the inhibitory effects in action and to 
produce the final sharp localization of the distribution of sensation along 
the organ of Corti. 

Fusion Frequency for Vibrations of the Skin. The inhibition along the 
nerve traet behaves differently for continuous deformation of the skin 
than for a sudden push or pull. When the clicks are repeated at long 
time intervals the picture of the inhibitory processes is the same. But 
when the time interval between successive clicks is short, there is a 
moment when the lateral inhibitory actions of the two successive clicks 
influence each other, and as a result there are neural discharges that are 
out of phase with the stimulus. These out-of-phase discharges fill in 
the gaps between the clicks, and the sensation becomes smoother. It is 
well known from motion pictures that for the eye the smoothing of the 
sensation occurs at a well-defined critical flicker frequency. For hearing 
and skin sensations the fusion frequency was found by Brecher to be 
about 18 eps and independent of loudness. 

It was possible to confirm Brecher’s observations on the skin, and the 
fusion frequency for sinusoidal and square vibrations was the same as 
for a series of spikes. It did not matter whether they were presented 
mechanically or electrically. A change in amplitude of 20 db produced 
a maximal increase in fusion frequency of about 5 per cent. Also the 
fusion frequency was independent of the size of the stimulated area. 
However, the fusion did not occur in one single step, and the fusion 
frequency was different for different sections of the skin. 

Measurements of fusion frequencies for a sensitive and an insensitive 
spot on the chest are shown in Fig. 13-65a and b. In these measurements 
the smoothness of the sensation produced by the vibration was observed 
for square vibrations and recorded as the ordinate on an arbitrary scale. 
For frequencies below 5 eps, each movement of the vibrator was felt 
separately, and there was almost no feeling of continuity of stimulus. 
As the frequency was increased the sensation of smoothness increased in 
several discrete steps until a maximum was reached, and then there was 
& continuous increase in smoothness with increasing frequency. The 
figure represents as nearly as possible the relative magnitude of the sud- 
den changes in smoothness. In general, there was a large step, and 
above and below it a smaller one. The frequencies at which these steps 
occurred were well defined: the lower fusion frequency was about two- 
thirds the fusion frequency of the maximal step, and the higher one about 
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four-thirds. The fusion frequencies were lower for skin areas with high 
sensitivity and increased continuously as the point of measurement was 
moved into skin areas with lower sensitivity, but the ratio between the 
different fusion frequencies remained the same. A similar shift in the 
fusion frequencies occurred when the sensitivity of the skin was changed 
artificially either by fatigue and adaptation or by anesthesia. Rapid 
fatigue and adaptation is the reason some observers find a shift in the 
fusion frequencies during observation. 

To study the effect of anesthesia on the fusion frequency, the finger tip 
was cooled for about 3 sec by an ethyl chloride spray. "The finger tip 
was then brought into contact with a vibrator set at a given frequency. 
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Fra. 13-65. Critical flicker frequency for two regions of the skin. The steps indicate 
that fusion occurs in several stages, 


Immediately after the freezing, the sensation on the finger tip was rough, 
indicating that the frequency was below the fusion frequency. But after 
a few seconds of recovery the sensation suddenly became smooth, which 
means that at that moment the fusion frequency was lower than the set 
frequency. In this way it was possible to determine how the fusion fre- 
quency decreased with the increase in recovery time. Measurements 
made on three observers are shown in Fig. 13-66. For complete recoy- 
ery, many minutes were usually necessary, and sometimes even as much 
as a half hour if there had been repeated freezing. For most observa- 
tions, square vibrations or series of pulses were used, because the fusion 
frequency is much more sharply observable for them than for sinusoidal 
vibrations. 

Rotating Skin Sensations Analogous to the Rotating Tone in Hearing. 
As the frequency was increased far beyond the fusion frequency, the 
smoothness of the sensation still increased continuously until it reached 


FREQUENCY ANALYSIS AND THE LAW OF CONTRAST 601 


the point at which the sensitivity of the skin dropped and further stimu- 
lation was impossible. This indicates that, even far beyond the fusion 
frequency, there are still volleys present that are in phase with the stimu- 
lus, just as has been found in electrophysiology (Keidel, 2). But it 
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Fra. 13-67. The stimulating situation for producing a rotating skin sensation with a 


sinusoidal vibration on one finger and a series of mechanical clicks on the other. The 
small spikes represent neural volleys, and At is the interval between them. 


should be recalled that the “pitch” sensation is not determined com- 
pletely by the frequency of the stimulus, because the same vibration can 
produce a different “pitch” on different places on the skin, and the 
“diplacusis” between two finger tips that sometimes occurs is much 
larger than the diplacusis found in normal ears. 

If synchronous volleys are produced during the sinusoidal vibrations, 
for example, in the form shown in the upper drawing of Fig. 13-67, then 
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the question arises, at what phase of the vibration are the volleys fired? 
When a series of clicks is presented, as illustrated in the lower drawing of 
Fig. 13-07, we can assume that the volleys are started during the sharp 
rise of the click, and the question is, how big is the time delay (At in the 
figure) between the onset of the sinusoidal vibration and the click? As 
was found in earlier measurements in hearing, the phenomena of direc- 
tional hearing and rotating tones are convenient tools for the measurement 
of small time differences. Therefore a finger on the left hand was stimu- 
lated with sinusoidal vibrations and a finger on the right hand with a 
series of pulses. It was expected that the two sensations would fuse into 
a single sensation localized halfway between the two fingers at the moment, 
when the volleys of the sinusoidal vibration and the clicks coincided 
in time. 

A rotating tone can be produced by using for both ears two different 
sound sources about 1 eps apart in frequency, so that in about 1 sec the 
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Fro. 13-68. Apparatus for the production of rotating tones and skin sensations, 


phase of the tones between the two ears goes through a complete cycle. 
But for long-lasting experiments, it was more convenient to use one oscil- 
lator and to divide its output into two branches. One led directly to 
vibrator I and the other passed through a phase shifter before it reached 
vibrator II, as illustrated in Fig. 13-68. The phase shifter was motor- 
driven and rotated the phase 360° in 6 sec independently of the frequency 
of the oscillator. The phase shifter was tested periodically to make sure 
that during its rotation no change in amplitude was produced. The 
final setup for the experiment is shown in Fig. 13-69. The right-hand 
vibrator produced the sinusoidal vibrations, and the vibrator on the left 
side produced the series of sharp clicks, obtained by using the a-c voltage 
from the phase shifter in F ig. 13-68 to trigger some condenser discharges. 
After the magnitudes on the two sides were made equal, a well-defined 
rotating skin sensation was produced at a frequency of 80 eps. This 
indieates that the volleys produced in both types of stimuli must have 
many features in common. With a rotating time of 6 sec it was easy to 
observe the moment at which the sensation was localized exactly halfway 
between the two fingers. It was found that, for the finger tips, the 
volleys in the sinusoidal vibration were produced at the maximum of the 
excursion of the vibrator for a stimulus of 80 eps and an amplitude of 
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40 db above threshold. This relation did not hold for greater loudnesses 
or for different frequencies. 

In an effort to avoid any phase distortion in the electromechanical 
driving units, the mechanical vibrations of the vibrating rods were meas- 
ured directly with a condenser microphone, which was formed by the 
two tips of the vibrating rods and a plate placed opposite the tips in 
accordance with the method of the half-resonance curve (Backhaus, 1) 
shown in Fig. 13-69. Now the excursions of both vibrators added 
together, and it was possible on the oscilloscope to see the spike exactly 
at the maximum of the sinusoidal curve at the moment that the sensation 
was localized halfway between the two fingers. 

The rotating phase shifter made it possible to change the frequency 
without at the same time changing the phase difference between the two 
sides. Hence it was possible to perform the following experiment. The 


Measuring condenser 


Fie. 13-69, Method of measuring the amplitudes of both vibrators simultaneously. 


rotation of the skin sensation or of the rotating tone was observed, and 
then the frequency was changed abruptly to discover whether the rotation 
was disturbed by this sudden transient in the frequency. Apparently 
only the time difference between the volleys is important, for the rotation 
was not disturbed by the frequency shifts. Care was taken that the rela- 
tive values of the amplitudes of the vibrators did not change. ] 

The rotating skin sensations had several points in common with the 
rotating tones, but distinet differences were also present. Let us first. 
consider the rotating skin sensations. If one of the vibrators of Fig. 
13-68 was brought into contact with a sensitive area like the tip of the 
finger, and the other vibrator made contact with a less sensitive area like 
the ball of the thumb, it was found for discrete presentations that the 
extent of the vibrations was small on the finger tip and much larger when 
almost the same frequency was presented to the ball of the thumb. This 
effect is illustrated in the upper part of the drawing of Fig. 13-70. At the 
same time, the stimulus on the ball of the thumb seemed to have a higher 
“pitch.” If both stimuli were presented simultaneously and had been 
made equally strong, the sensation moved periodically from one side to 
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the other. On the finger tip the spread of the sensation was only a little 
greater when the stimuli were in the extreme lateral position than when 
they were presented separately. The same held for the other side. 
During the transition from one side to the other, the size of the sensation 
area increased greatly, as indicated by the dotted area in the figure. One 
of the two transitions through the middle position had a smaller area 
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than the other. 
sides were in phase. 


This was the transition in which the vibrations on both 


During the rotation, there was à change in magnitude as well as à 


change in the apparent size of the stimulus. 
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Fra. 13-70. The study of rotating skin 
sensations. On the left, the passage of 
the sensation from the finger tip on the 
left side of the body to an insensitive area 
on the right side in the course of time, 
with the size of the sensation indicated 
by the varying areas; on the right, the 
changes in vibratory “pitch” during the 
transit from one side to another. 


for stimulation at a constant frequency. 


But it is more interesting 
that in addition the “pitch” of 
the sensation was changed and it 
reached a maximum every time the 
area of the sensation went through 
the middle line, as demonstrated 
on the right side of Fig. 13-70. 
This “pitch” change was often as 
great as would be produced by a 
frequency change of 7 to 10 per 
cent. A comparable pitch change 
was not obtained in hearing during 
the observation of a rotating tone. 
Several experiments were performed 
in which the frequency of the ro- 
tating tone was chosen so that the 
diplaeusis between the two ears was 
at a minimum, or not even notice- 
able. Then during the shift of the 
sound image from one side to the 
other no pitch change was observed 
at all. Also with a rotating tone 
there is no increase in the magni- 
tude of the sound image when the 
image goes through the middle 
line. There seems to be a sort of 
rule, namely, that when the appar- 
ent size of the stimulated area in- 
creases, the apparent pitch goes up 
If there is no change in the 


apparent size, then there is no change in pitch. 

If we do not take into account the transient through the middle position 
during the movements from one side to the other, and consider only the 
extreme lateral position, then there is little difference between the rotating 


skin sensation and the rotating tone. 


This becomes evident when we 


observe the changes in the Sensory pattern obtained on the tips of the 


fingers and for hearing, 


when the frequency of the rotating stimuli is 


increased. The results for hearing are shown on the right-hand side of 
Fig. 13-71, and those for skin sensations on the left-hand side. For the 
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rotating sound it is well known that the sound image in the extreme 
positions becomes smaller when the frequency of the tones is increased, 
up to about 1500 eps. Also, as the frequency is increased, the sound 
image stays more and more in the medial plane of the head, until for 
frequencies above 2000 eps it moves only in a small circle around the 
axis of the head. For low frequencies the sound image moves in the axis 
of the ears, but as the frequency is increased the sound image is pushed 
higher and higher, and at 3000 eps it is above the head, as illustrated in 
the figure. 
Sensation pottern Sound image for 


for vibrations a rotating tone 
of the finger 


cps c 
ee) 
150 972 n 9 E e) 
320 o— -O— ——Q9- —o 800€ Ir 


Finger tip 
Fra. 13-71. Comparison of rotating vibrations and rotating tones, as a function of 
frequency. 


It was not surprising that, for the skin sensations between the two 
fingers, the situation is exactly the same. With increasing frequencies 
the lateral displacements of the apparent sensation became smaller, and 
at the same time the locus of the sensation moved away from the finger 
tip toward the body. Corresponding sensory patterns were obtained 
when the frequencies on the finger were about three times smaller than 
the sound frequencies. by.) T 

When investigating the rotating skin sensations it was found possible 
to produce one if the frequency on one side was two, three, four, or even 
five times the frequency on the other side (46 eps was added to produce a 
periodic phase change) when the magnitudes of both sides were equal. 
The movements from one finger to the other were distinct. This phe- 
nomenon has no analog in hearing. When a tone of 300 eps was presented 
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to one ear and an equally loud tone of 900 + 1 eps to the other ear, no 
rotating sound image was observed. The two tones appeared com- 
pletely separated; consequently there was no interaction between the 
two sides when both tones were equally loud. This seems to prove that 
in the cochlea there is a frequency analysis that separates these two 
frequencies from the common neural pathway sufficiently to avoid inter- 

action. This fact holds even if the 


Left Ree frequencies on both sides are only 
160cps 4e cps one oetave apart. 
l l The rotating skin sensations are 


of considerable interest because 

ee ee 0 they seem to make possible the 
investigation of problems of fatigue 

A and adaptation. It is generally 

i believed that fatigue and adapta- 

tion are produced mainly in the 

n PP = See At 3.0 end organs, and the higher centers 

show less change. The rotating 
$ skin sensation between the fingers 

CIN A cM ® of the two hands represents an 

. - inhibition of one side by the neural 

= action of the other side. For ex- 

~ 25 ample, if the right-hand finger 
à adapts and the fatigue and adapta- 

tion are peripheral, the nervous 

—— 1055 action on the right side will no 

longer be able to inhibit the stimu- 

> lus on the left side, and the whole 

: 120) sensation will travel to the left side, 

Fig. 13-72. Interactions between two because on the right side the sensa- 
vibrations of different frequency as a tion: is weakened. B $ L 

function of time. P us ed. ut if the 

adaptation is produced partly at a 

higher level, above the interconnection of the two sides, then the 

sensation of the right side will disappear without changing the inhibitory 

phenomena occurring on the left side. 

When the left-hand finger was stimulated by a vibration whose fre- 
quency was 160 eps, and the right-hand finger by a frequency of 480 + 
1$ eps, a clear rotating skin sensation was obtained. But the stimulus 
on the right side lost its magnitude quickly because of the higher fre- 
quency, and, as indicated in Fig. 13-72, every time the sensation was 
located at the extreme right side the sensation became weaker and weaker, 
until after 9 sec of presentation time nothing more was felt on that side. 
On the left side the sensation still appeared and disappeared periodically, 
proving that the stimulus that was not felt was still able to inhibit the 
other. Of interest in this connection is the situation after 10.5 sec, when 
two stimuli were presented to the fingers but nothing was felt. This 
seems to indicate that adaptation and fatigue may occur at higher levels 
also. 
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The two finger tips are not the best places to carry out this experiment. 
In addition to the sensation on the surface of the skin immediately 
beneath the vibrator tip, there is a diffuse sensation caused by action 
on the tendons of the finger. This tendinous sensation fatigues at a 
slower rate. "Therefore the skin sensations only were perceived in the 
immediate neighborhood of the vibrator tips. But on areas such as the 
chest the tendons and muscles do not disturb the sensations, and there 
is a periodic absence of sensation, as shown in Fig. 13-72. Naturally 
the slightest lateral movement of the skin may destroy the phenomenon, 
for unadapted skin may come under the vibrator. The experiment is a 
delicate one. 


[s] 


Arm\ mechanical) 


uo 


Tones 


Finger tip A 


os hearing) 
(electrical) \ ` 
n 


Tones, cps — 
500 1000 2000 5000 


10 20 30 50 100 200 500 1000 
Vibrations and electrical stimulation, cps 


Fra, 13-73. Comparison of the apparent size of sensations as à function of frequency, 
for tones, mechanical vibrations, and electrical stimulation. 


Apparent size of the sensation for equal loudness, cm 
/ 


Apparent Size of the Sensation. During the study of the rotating skin 
sensations, it was observed that a phase change between stimuli on the 
two fingers not only changed the position of the area of sensation, but 
affected also to a large extent the size of the sensory area. This hap- 
pened despite the fact that the physical distribution of the vibrations 
on the tip of the fingers did not change. If a single area on the skin 
was stimulated, it usually was found that the apparent size of the sensa- 
tion decreased definitely if the stimulation was of short duration. As 
demonstrated earlier, a frame pressed against the lower arm with con- 
stant pressure was felt in general along the full extent of its contact with 
the skin. But if the frame was struck sharply, then only a sensation of 
about 1 em length was felt, even when the length of the frame was more 
than 13 em. 

A closely similar situation holds for hearing. The sound image of a 
50-cps tone seems at a certain loudness to fill up the whole head, But 
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when the frequency rises the sound image becomes smaller and smaller, as 
can be seen in the dotted curve of Fig. 13-73. The same holds for clicks. 
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Fro. 13-74. Effects of bodily location on skin sensitivity, 


Low-frequeney clicks seem to have a large size, but sharp clicks have a 
sound image of only a few millimeters, especially if repeated in a series. 

Not only for mechanical vibrations of the skin and in hearing does the 
apparent size decrease with increasing frequency and constant loudness, 
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but also for electrical stimulation of the finger tip, as shown in Fig. 13-73. 
Furthermore, the slopes of the curves for mechanical and electrical 
stimulation and for hearing are closely similar. 

Because the sensory area becomes sharpened up relative to the spread 
of the stimulus when there is a sudden change in the stimulus, it is sug- 
gested that in Fig. 13-57 the lateral nerve branches in the plexus and the 
higher levels are active and produce inhibitions only when the nerve 
tracts are stimulated suddenly. During a long-lasting steady stimulus, 
the lateral nerve connections become less active and the extent of the 
sensation is shown mainly by the ascending nerve tracts. This seems 
to be a general feature of nervous tissue. 

In accord with this general picture, it was found that when the mag- 
nitude was kept constant the same vibrating tip produced a much larger 
skin sensation on the arm than on the finger tip, which has a larger nerve 
supply. But it was possible to reduce the nerve supply of the finger 
tip by anesthetizing it with ethyl chloride spray. After the magnitude 
had been adjusted to the previous value it was possible to note that the 
size of the sensations was increased considerably by the freezing of the 
finger. 

We are only at the beginning of investigations of inhibitory reactions 
in the plexus of the sense organs, and therefore no satisfactory electro- 
physiological proof can be offered for these assumptions about the 
sharpening up of the sensory area. 

Modification of the Skin Sensations According to the Sensitivity of 
the Skin. The skin has one particularly favorable feature. Its nerve 
supply and sensitivity change continuously from one place to another. 
For instance, going from the shoulder down the arm to the finger tip 
we have a research line which makes it possible to attempt an extrapola- 
tion from the finger tip to the cochlea. In Fig. 13-74 several different 
phenomena were followed from the shoulder to the finger tip of the same 
observer to discover how an increase in the sensitivity of the skin, which 
in anatomical terms means a larger nerve supply, causes a change in the 
magnitude of different phenomena. The legends in Fig. 13-74 speak for 
themselves, and no further description is necessary. It should be men- 
tioned only that, in addition to the line from the shoulder to the tip 
of the finger, there are lines of the same kind on other parts of the skin, 
and measurements on these parts show much the same characteristics 
as those found in Fig. 13-74. 


FUNNELING IN THE NERVOUS SYSTEM AND ITS ROLE IN 
LOUDNESS AND SENSORY INTENSITY ON THE SKIN* 


'The relation between the subjective intensity of a vibration on the 
skin and the physical amplitude of the vibration is different for the 
different, parts of the skin, for example, the finger tip and the shoulder. 
The reason for this is that the sensation of vibratory “loudness” is a 
complex interaction of summation and inhibition along the stimulated 

* Article 82 as listed in the Author's Bibliography. Published in 1958. 
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skin surface. Both summation and inhibition vary with the amplitude 
of the vibration, the distance between the stimulated areas, the slope of 
the spatial distribution of the stimulus along the surface of the skin, its 
time pattern, and the density of the innervation. These relations have 
been described as variations in *funneling action" of the nervous tis- 
sues in the hope that this terminology will lead to a better understand- 
ing of the various phenomena. 

A series of experiments was designed to establish rules for the estima- 
tion of the funneling action. For this purpose (1) the vibratory loudness 
produced by a point vibrator was compared with the “loudness” produced 
by stimulation of a large area of the skin (which may serve to explain 
why the eurves of equal loudness for pure tones in hearing are com- 
pressed at the low frequencies); (2) the difference limen for amplitude 
variations was investigated under different conditions; (3) the lateral 
spread of the skin sensations was determined; and (4) all these phenomena 
were compared with analogous sensations in hearing. Through the 
concept of funneling, rotating skin sensations are brought into close 
relation with rotating tones, and Mach's law of contrast in vision with a 
similar phenomenon of the “funneling” action observed on the skin. 
Finally, it is demonstrated by experiments that once a funneling action 
is established on the skin, there is a certain period of time during which 
it inhibits all other sensation, exactly as in hearing. It is similar to the 
refractory period of the nerves. These refractory times are considerably 
eso when the funneling action takes place at the higher levels of the 

rain. 

Histological sections of the nervous system show a strong resemblance 
to a telephone network. The transmission pathways of the nervous 
system, for instance, and the cross section of the auditory nerve with 
its nerve fibers look almost like telephone cables. The nerve centers 
with their branching fibers are similar to a switchboard. It was this 
analogy that probably suggested the theory that every stimulated end 
organ transmits electrical pulses along a predetermined pathway to the 
cortex, so that on the cortex there appears a map of the stimulated end 
organs. Today we think that this picture may be correct in small 
sections of the nervous system, but, in general, neurological evidence 
does not support it. 

One of the difficulties with the electrical analogy is that the nervous 
system is not a passive system that comes to rest when there is no stimulus. 
On the contrary, in the nervous system there is continuous activity in the 
background, which may be increased or decreased when a stimulus is 
applied. Sometimes, the stimulus acts mainly by changing the normal 
activity. Naturally this makes the analogy with a telephone system 
forced. 

Another difference between the nervous system and the analog is the 
fact that, as neurohistology has progressed, more and more connecting 
pathways have been found between the different nerve centers. Natu- 
rally if every center is connected to every other center, histology will 
not help us to investigate neural functions. It seems as important today 
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to map where connections do not exist between centers as to find new 
connections. But, unfortunately, negative statements are much more 
difficult to make than positive ones, and therefore histology does not 
help us to limit our attention to certain pathways. 

Thus we are left with a picture in which the sensory nervous system is 
represented by interconnected lumps of more or less homogeneous tissue, 
in which the pathway of the neural action is only vaguely defined and 
may change considerably with the lateral distribution of the stimulus 
and with several other factors. In these interconnected lumps, the 
adjacent parts of a stimulated area may interact with each other in at 
lenst three different ways. (1) Summation results when the neural 
activity produced by one stimulus is inereased by simultaneously pre- 
senting a second stimulus on an adjacent area of the sense organ. Sub- 
liminal stimuli can be brought above threshold if similar subliminal 
stimuli are presented on adjacent sections. (2) In inhibition just the 
opposite occurs, and a second stimulus may diminish the activity pro- 
duced by the first one, or the two stimuli may cancel each other out. 
Clear inhibitory mechanisms are the antagonistic muscles, in which one 
is always completely relaxed when the other is in action, as for instance, 
the extensor and flexor muscles of the arm. Another simple inhibitory 
phenomenon in the sense organs is the rivalry of the visual fields of the 
two eyes. If one eye is presented with horizontal stripes and the other 
with vertical stripes and we look at the two fields simultaneously, we may 
see an alternation of the stripes, or one section of the visual field may be 
filled with horizontal and the other with vertical stripes. "These are 
examples of pure inhibition. (3) In the phenomenon which will here 
be called “funneling,” summation and inhibition occur simultaneously 
in the sense organs. This effect was discussed in the preceding section 
in connection with a multiple-vibrator experiment. Five vibrators 
were placed along a line on the skin of the forearm 2 em apart. The 
amplitudes of the vibrations were adjusted so that they felt equally 
intense when presented separately. Their frequency was increased in 
one-octave steps from the upper arm to the forearm. When all five 
vibrators vibrated simultaneously, in spite of their different frequencies 
only the one vibrator in the middle was felt with its subjective frequency 
corresponding to its physical frequency. The “pitch” sensation of the 
other vibrators was completely inhibited, and they disappeared from 
the picture. But not so for the sensation of intensity of the other vibra- 
tors. The vibrators whose “pitch” was inhibited still contributed to the 
“loudness” of the vibrator in the middle. This sort of neural interaction 
may be called “funneling.” It is relatively easy to observe along the 
surface of the skin because the vibrators on the sides shift their apparent 
locus to the middle and in this way increase the ‘‘loudness”’ of the vibrator 
in the middle. Because of this lateral displacement, funneling is different 
from pure inhibition in which one of the sensations is simply suppressed. 
It has some features in common with the concept of convergence, which 
Sherrington introduced and described in connection with the action of 
the spinal cord. 
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Another instance of funneling is found in directional hearing. When a 
sound strikes the two ears, the difference between the times of incidence 
at the two ears determines the apparent location of the sound source. 
If the time difference is large enough, the sound source is located in one 
ear and nothing seems to be heard in the other ear. In spite of this fact 
the apparently inactive ear is not inhibited in the sense in which inhibition 
is understood in antagonistie musele groups or in the rivalry of visual 
fields, because inserting an earplug into the seemingly inhibited ear 
causes a definite decrease in the loudness of the sound heard by the 
other ear. 

It may be that the types of neural interaction—namely, summation, 
inhibition, and funneling—occur at different levels along the neural 
pathway to the cortex. Perhaps at least four different levels can be 
discriminated. (1) There are many lateral nerve fibers running along 
the surface of the basilar membrane and the skin. These probably 
produce interaction at the level of the end organs. (2) Directional 
hearing between the two ears is an interaction on a higher level, as is 
the displacement of the vibratory sensation from a finger of the left 
hand to the right hand by a time delay between presentations of the 
stimuli. This interaction occurs only if the stimuli have some features 
in common. (3) Inhibition ean occur even when the stimuli are very 
different. For instance, at a social gathering when several people are 
talking simultaneously, we can concentrate our attention on a single 
speaker and suppress all the others to a certain degree. This is probably 
inhibition at the cortical level, because we are really suppressing words 
and sentences and not just simple sound stimuli. (4) An even higher 
level may produce funneling and inhibitory effects when sound patterns 
touch off an activity that is stored in memory, as in the case of the miller 
who wakes up when the grinding noise of the mill stops. Changes in 
cortical electrical activity can be demonstrated for this kind of action 
(Galambos). It is probable that in most of hearing and for most skin 
sensations, there are interactions at all the different levels simultaneously. 

The present section describes several experiments on the interaction 
of the skin and compares them with similar phenomena in hearing. An 
attempt is made to bring them under one common heading by describing 
them in terms of a funneling action of the sensory nervous system. There 
are so many kinds of summation, inhibition, and funneling phenomena 
that it is difficult to foresee at the moment how successful such a descrip- 
tion will be. Fortunately, the analogy between the skin and the ear 
can be extended to the retina, and, as shown in the work of Hartline, 
Kufler, and Barlow, and of Barlow, Fitzhugh, and Kufler, some of the 
visual phenomena are strikingly similar. It seems certain that knowledge 
of the retina will greatly aid in an understanding of some of the neural 
processes in hearing, and that measurements on the three sense organs 
will complement one another. This is important because certain 
measurements are more easily made for the eye than for the skin or the 
ear. 

One difficulty with measurements on the skin is that there are as many 
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types of skins as there are types of faces. The individual differences 
are large. A second difficulty is that the pulse can set up a disturbing 
internal noise level. Especially on the finger, the pulse may produce 
movements that are diffieult to distinguish from the low-frequency 
movements produced by a vibrator. In spite of these difficulties, how- 
ever, it has been possible to establish some generalizations concerning the 
interaction between adjacent parts of the skin during vibratory stimula- 
tion. It is possible to bring the relative variations in vibratory mag- 
nitude, the threshold, and the apparent size of the stimulus under a 
common point of view for the different types of stimulus distributions 
along the surface of the skin. 

In summary, it is found that the funneling action becomes larger when 
(1) the stimulated area on the skin is large, (2) the density of the nerve 
supply is large, (3) the slope of the distribution of vibratory amplitudes 
along the skin is steep, (4) the stimulus is short, and (5) there is a time 
delay between the vibrations. The funneling becomes smaller when 
white noise is superimposed on the stimulus. 

If the funneling action is large, then (1) the threshold is relatively low, 
(2) the difference limen is relatively large, and (3) the apparent size of 
the sensation is relatively small. 

Definition of a Good Subject. Because judgments of apparent inten- 
sity are subjective observations and show great variability, we may begin 
with the question, how can we 
discriminate between goodandpoor 30 «ps 
observations? Or should we have JIN nz 
no discrimination at all as to the / \ o 
subjects and their statements? 

i When continuous vibratory stim- 
uli are presented on the skin the 
subject can differentiate several ANE IEEE. - $3 
attributes: (1) the frequency of the ae 
vibration, which is analogous to Fre. sapphic Rg habe of Sahel 
piteh in hearing, (2) the S ubjective ai for ths sadi ee KIRS (a) in 
magnitude of the sensation, which the form of clicks and (b) with a sinus- 
has many features in common with oidal amplitude. 
loudness in hearing, and (3) the : j 
sensation of the lateral spread along the surface of the skin, which corre- 
sponds to the volume of the sound in hearing. These three attributes 
will be referred to as vibratory “pitch,” or pitch; vibratory magnitude, 
or loudness; and lateral spread. k 

The same surface of the vibrator touching the skin may produce sensa- 
tions of lateral spread very different in size, depending upon the nature 
of the stimulating vibration. In general, low-frequency sinusoidal 
vibrations spread out along the surface of the skin, whereas a series 
of clicks is felt on only a small area. This situation is illustrated in 
Fig. 13-75. À 

An untrained subject was presented briefly with two vibratory patterns, 
a series of clicks and a sinusoidal vibration, and was asked to adjust 
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them to equal vibratory magnitude. He was then asked to make a 
drawing of the distribution of the sensory magnitude along the surface 
of the skin, repeating the stimuli as many times as necessary to deter- 
mine the shape of the distribution. For two vibrations applied to the 
forearm at a frequency of 30 eps, the drawings corresponded to the dis- 
tributions shown in Fig. 13-75. The maximal local intensity of sensation 
was about one-third higher for the clicks a than for the sinusoidal vibra- 
tions b when they seemed equally loud. ‘This situation raises a question 
for all subjects, whether the vibratory magnitude as a whole is deter- 
mined by the area of distribution of the local intensity of sensation or 
by the maximum. 

Continued observations taught the subject to diseriminate between 
the different attributes of the sensations produced by the vibrator. 
The experiments showed that after some training most subjects had 
difficulty in making an over-all, prompt judgment of vibratory magnitude, 
because as a consequence of the training they always observed the local 
intensity of sensation. When they had reached this stage of training, 
the adjustment of two vibrations to equal loudness, as in Fig. 13-75, 
meant for them an adjustment for equal maximal local intensity of 
sensation (a = b) and a complete ignoring of the lateral spread of the 
sensations. A good subject might be defined as a person who is able to 
separate the various attributes of the stimulus from each other well 
enough to be able to observe and describe them separately—in the way 
that a spectroscope separates the colors of white light. Good subjects 
are little disturbed by unwanted phenomena, such as noise, and as a 
consequence they give more reproducible results. In the observations 
on skin vibrations reported here, the effort was made to separate the 
lateral spread of the sensation from the local maximum—just as in hear- 
ing, the volume of a sound may be separated from its loudness. Con- 
sequently what is here called vibratory magnitude is the maximum of 
the local intensity of sensation on the surface of the skin. 

In carrying out research with the aim of establishing sensory relations 
which can later be correlated with physiological phenomena, it is prefer- 
able to work with a small number of analytically minded subjects. At 
the other extreme, there are mass observations, such as those carried 
out at a fair. There the observation time is short enough that even with 
untrained subjects it is possible to produce judgments that are often 
reproducible. But these observations may differ considerably from the 
observations of an analytical subject. For instance, in mass comparisons 
of the loudness of a noise with the loudness of a low-frequency tone, the 
results are often affected by the apparent size of the sound image, the 
sound with the larger image being judged the louder. To an untrained 
subject size or volume seems to take precedence over the other attributes. 
The writer’s conception of a poor subject is a person who has worked 
long enough in a laboratory to have lost his ability to make naive observa- 
tions but has not been able to achieve a really analytical stage. 

Interaction between Two-point Stimuli. Beginning with the simplest 
conditions, a comparison was first made between the effects of increasing 
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the amplitude on the vibratory magnitude produced by two vibrating 
points and that produced by one side of a vibrating frame. Both the 
frame and the two points stimulated the inner 
side of the forearm. For the two-point 
measurements, two small points were attached 
to the frame. The distance between the 
points could be varied (see Fig. 13-76). The 
frame was made of hollow tubes, so that it 
would be as light as possible, and the tubes 
were attached to a large eleetrodynamie driv- 
ing unit. The resonance frequency was ad- 
justed high enough, and the damping made as 
large as possible, so as to produce an equal 
frequency response and make the vibratory 
amplitudes of the frame independent of the 
load produced by its contact with the skin. 
Figure 13-77 compares the relation of vibra- 
tory magnitude to amplitude for the two 
points at three different distances, and for the 
frame. The abscissa represents the vibratory 
amplitudes of the two points in decibels ann ame mads : 
above threshold, whereas the ordinate is the longitudinal section of the 
vibratory amplitude of the frame in decibels ms tor pio point dew 
relative to an arbitrary zero point. Close to lation, two sma points 
threshold the maie produced by the could be attached at differ- 
s n j ent distances d. 
points rises much more rapidly than the 
“loudness” produced by the frame. At higher magnitude levels, however, 
the steep slope of the two-point magnitude flattens out. As the distance 
between the two vibrating points is increased the magnitude of the two- 
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Fra. 13-77. A comparison of the vibrating magnitudes produced by two points and 
by a frame. Three separations of the points were used. The amplitudes are in 
decibels above threshold. The dashed lines represent the slope that would be obtained 
if the two forms of stimulation were equal, 


Point sensation continues to increase, but the rise is not as steep near 
threshold, and, when the distance between the points is 4 cm, the mag- 
hitude of the two points and the frame increases in almost the same way. 
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This is about the distance at which, on the inside of the forearm, two 
points cannot. be separated and are felt as one. Increasing the distance 
by just 1 em makes it obvious that there are two separate stimuli, and 
again the magnitude increase for the two points shows the steep rise 
near threshold, as can be seen in the right-hand drawing of Fig. 13-77. 
Because different areas on the skin may have different sensitivity, it 
was necessary to check the sensitivity along the line between the two 
points of the vibrator. In addition, the vibrator tips could not be 
smaller than 1 mm in diameter. 

Because these measurements required a good deal of time during 
which it was difficult to keep the vibrator tips exactly in place, an auto- 
matic audiometer (page 81) was used to advantage in determining the 
steepness of the changes in vibratory magnitude near threshold. A 
potentiometer caused the vibratory amplitude to increase continuously 


Distance between the points: 150 cps 
10cm 


1 
Minutes 
Fra. 13-78. Threshold measurements with the automatic audiometer. 


until the observer felt the vibration. "The moment he felt it, he pressed 
a microswitch that reversed the direction of the potentiometer and caused 
the amplitude to start decreasing. This change continued until the 
observer felt nothing at all. Then a releasing of the switch made the 
amplitude of the vibrations begin to increase again. The fluctuations of 
the potentiometer position from sensation to no sensation were recorded 
and provided a measure of the difference limen for amplitude variations 
near threshold. Records of this type are shown in Fig. 13-78 for three 
different distances of the two-point vibrator. Since a low reading on the 
decibel scale on the ordinate represents a high sensitivity, it can be seen 
that sensitivity for the two-point vibrator reaches a maximum at 4 em. 
'The minimal distance at which there is a sensation of two separate points 
on the forearm is 4.5 em. In addition, it can be seen that the fluctuations 
are larger for 4 em than for 0.5 or 10 cm. In evaluating the records, 
it should be noted that the large fluctuations in the tracings with long 
periods of stimulation are a consequence of periodic variations in skin 
sensitivity produced by pulse, breathing, and small displacements of the 
vibrators. 

In summing up these two-point experiments it may be said that the 
addition of a second stimulating point within a certain radius of “action” 
increases the sensitivity for vibrations through neural summation. At 
the same time, a given amplitude variation near threshold changes the 
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vibratory magnitude less for two-point stimulation than for stimulation 
with a single point. For higher loudness levels, however, there is no 
difference. 

Magnitude Curves and the Size of the Stimulated Area. The two- 
point magnitude curves diseussed in the preceding section suggested 
that there is a radius of action for the summation of vibratory magnitude 
on the skin which has about the same size as 
the liminal separation of two simultaneously 
stimulated points. The question is, how does 
the summation take place if it works not only 
along a line but over a whole surface? To 
investigate this the vibratory magnitude pro- 
duced by a point vibrator whose tip was 1 mm 
in diameter was matched to the magnitude 
produced by a round, flat frame with a diam- 
eter of 7.5 em. Both vibrators are shown in 
Fig. 13-79. The frame consisted of brass tubes, 
1.5 mm in diameter, soldered together in the 
manner shown. The tip of the point vibrator 
was placed in the center of the inner ring of the | 
frame in order to eliminate as much as possible Vibroting 
the variations in skin sensitivity along the 
forearm. The stimulation found most suc- 
cessful for loudness matching was to let the tip 
vibrate alone once and then to vibrate the Fic, 13-79. Apparatus for 
frame and tip with the same amplitude, so that the study of areal effects. 
together they formed a vibrating network. As 
the vibrations of the tubes lying flat on the skin spread out laterally a 
few millimeters, the whole surface is set in vibration in the same phase, 
as can be checked by stroboscopic observations. : 

Curves of vibratory magnitude for three different subjects are shown 
in Fig. 13-80. Again it is true that when the vibratory amplitude of the 
point is increased to 5 db above threshold, the vibratory amplitude of the 
frame has to be increased at least 20 db to keep the sensations of mag- 
nitude equal. But when the point vibrated at 25 db above threshold, 
this difference disappeared, and the frame and the point reacted in the 
same way to a change in the vibratory amplitude. The steepness of the 
rise in “loudness” near threshold for the point relative to the large vibrat- 
ing surface was observed also in measurements of the difference limen for 
vibratory magnitude with the automatic audiometer. The difference 
limen is at least four times larger for the frame than for the tip. In 
every case observed, each increase in the size of the stimulated area 
produced an improvement in sensitivity and at the same time gave an 
increase in the difference limen near threshold. Even increasing the 
spread of the waves along the surface of the skin by sticking adhesive 
tape on the skin (as shown in Fig. 13-81) inereased the difference limen 
noticeably. Figure 13-82 shows the fluctuations of the audiometer 
record for one edge of a vibrating frame touching first the normal skin 


Vibrotor 
with point 
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surface and then the adhesive tape stuck to the skin. The displacements 
of the adhesive tape produced mainly shearing forces in the skin, which 
seem to be the stimulating forces in the deformations of the skin. 

'The magnitude curves obtained in the frequency range between 50 and 
400 eps have the same shape as those shown in Fig. 13-80. Below 50 cps 
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Fra. 13-80. Equal-magnitude curves for a point vibrator and an areal stimulator. 


the wave for the point vibrator spreads far out, which indicates that even 
a point vibrator stimulates a relatively large area. But the magnitude 
curves may vary considerably from one place on the skin to another— 
partly because of mechanical differences in the skin, partly because of 
differences in the density of the nerve supply of the skin. For precise 
measurements it should be taken 
into account that every section of 
the skin has a different curve. 
This variation was found in an 
earlier study in curves of equal 
magnitude for places on the skin 
from the shoulder down to the 
finger tip (page 566). But changes 
in the shape of the magnitude 
curve are usually very large when 


ih ee eesti pal is the stimulated area is increased 
+ -51, Method of a g adhesive H 1 " " 
tape to the ain. from the size of the tip of a needle 


to a line a few centimeters long. 
However, if the vibrator is increased in length from a few centi- 
meters to the full length of the forearm, the magnitude curve changes 
little, and it approaches asymptotically a magnitude curve correspond- 
ing to an extremely large surface with a large number of sensory cells. 
Because of the close relation between the skin and the ear, it is therefore 
not surprising that, if we compare the vibratory magnitude curve of the 
finger tip, which is the most sensitive section of the skin and has the 


619 


largest number of nerve cells, with the loudness eurve produced in the 
ear by a low-frequency tone, we find their slopes not too different from 
each other (Stevens, Carton, and Shickmann, and page 249). 

These magnitude measurements lead to one further speculation. It 
was found that sensitivity improves as the surface of stimulation is 
increased, which means increasing the number of the stimulated cells. 


[0] 


FREQUENCY ANALYSIS AND THE LAW OF CONTRAST 


150 cps 


With tope 


MAMA ui 
Fi Lett) hd 
Atipe siev d eed 


Decibels 
o 


JPN 
Emm 


Time 
Fra. 13-82. The effects of adhesive tape on the difference limen. 
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It is known that the sense organs of most insects consist of only a few 
sensory cells, But the number of sensory cells increases continuously 
from inseets to fishes, reptiles, and mammals, until in man the organ of 
Corti has about 30,000 cells. This increase in the number of cells may 
serve as one way of increasing sensitivity, and yet the increase in sensi- 
tivity may, according to the measurements in Fig. 13-80, be no more 


than 10 or 20 db. Certainly the 


lower thresholds produced by sum- 
7A —ÓÉ— 


mation are much more stable and 
reliable than the threshold of an 


organ of only a few cells. 

As the small increase in sensi- 
tivity that accompanies the increase 
in number of the sensory cells does 
not seem to justify 30,000 cells in 
the organ of Corti, it seemed desir- 


able to investigate whether the sig- 150cps + 


nal-to-noise ratio is better in an 
organ containing a large number of 
cells. For this purpose the frame 
was applied to the forearm first with 
à sinusoidal vibration of 150 eps and 
with a distribution of the magnitude of 


white noise pes 
CILE 


Fra. 13-83. Effects of the type of signal 
on the distribution of sensation. "The 
upper sketch represents a sinusoidal 
vibration of 150 cps, the next one a 
white noise, and the lower one a combi- 
nation of the two. 


the sensation along the skin as shown 
in the upper drawing of Fig. 13-83. dés! p . 
Stimulation with a slightly more intense random vibration (white noise) 
gave the distribution shown in the second drawing. When both stimuli 
Were presented together, the sensory magnitude for both increased a little 
and spread out laterally. ‘The same sequence repeated with a vibrating 
tip gave exactly the same results. The larger frame in no way improved 
the discrimination between the sinusoidal vibrations and the random 
vibrations. A frame was even made consisting of six different sections, 
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each driven by a different random generator to simulate Brownian move- 
ments on the skin and the organ of Corti, but this out-of-phase vibra- 
tion produced exactly the same sensations as the vibrations of a single 
generator. 

Difference Limen for Amplitude Changes. Variations in the stimulated 
area or in the number of stimulated end cells modify mainly the steepness 
of the magnitude curve near threshold. It is this section of the magni- 
tude curve, therefore, that is of interest for the investigation of neural 
interaction under normal and abnormal conditions. A simple way to 
measure the steepness of the magnitude curve near threshold is to measure 
the difference limen near threshold. 

Several methods have been developed in psychology for this purpose. 
For a large series of tests and for clinieal purposes the automatic audi- 
ometer is serviceable. The difference between the maxima and the 
minima in the tracing of the record, expressed in decibels, gives a measure 

AX. that is here called the difference 
6d —— limen. The values obtained are in 
general about twice as large as 


T £A an those found with the usual psycho- 
physical methods, but this is only 


75 = = — a consequence of the definition of 
the difference limen. As indicated 


ias N — earlier,* if the vibratory amplitude 
inereases continuously and auto- 
£A ACER nn from a value below the 
en 77 Mtésheld, ab-firstnotking is felt; 
a eder emit: as shown on the upper line in Fig. 
Qui threshold 13-84. As time goes by sensations 
occur for short intervals, and they 
oeeur more and more frequently until finally the sensation is present 
during the whole time. This change in the time pattern for differ- 
ent amplitude levels is drawn schematically in Fig. 13-84. Analytical 
observers usually report some discrete sensory intensities. 

The difference limen is defined as the difference between the amplitude 
for which nothing is felt and the amplitude at which the sensation is 
present half the time, corresponding approximately to the level of 2 db 
in Fig. 13-84. 

As amplitude on the automatie audiometer decreases, most observers 
record the point where nothing is felt, and, as the amplitude increases, 
the point where the sensation just seems to stay on continuously, and 
this corresponds to about the 4-db level in Fig. 13-84. Hence the differ- 
ence limen recorded with the audiometer is approximately twice the size 
of the difference limen as usually determined in psychology. Because 
the measurements described here were made with the automatic audi- 
ometer, they will be expressed in terms of the larger value. 

The continuous recording made it possible to discriminate the fluctua- 
tions in the difference limen that resulted from accidental changes in the 

* See Art. 50 in the Author's Bibliography. 


4 db 


FREQUENCY ANALYSIS AND THE LAW OF CONTRAST 621 


sensitivity of the skin. This effect is shown in Fig. 13-85 where an 
attempt was made to determine approximately the smallest obtainable 
difference limen. The measurements were made on the chest, with the 
edge of the frame stimulating the left side and a needle tip stimulating 
the right side. When the needle tip touched a sensitive spot on the skin, 
the difference limen went down to 1 db by the audiometric measurement. 
But it was difficult to keep the needle on the same spot for any length of 
time, and consequently, on the record for the needle four separate sections 
can be seen, with sudden threshold changes between them. These sudden 
changes were not considered in determining the difference limen. 

Going back to the examination of the difference limen as a function of 
various factors it should be mentioned that on the skin as well as in 
hearing, the size of the difference limen near threshold did not depend 


Decibels 


Minutes 
Fic. 13-85. The just-noticeable ampli- Fic. 13-86. The size of the difference 
tude variations for a frame and for a limen near threshold for two sinusoidal 
needle acting on a sensitive spot. frequencies. 


noticeably on the frequency. In hearing this is best recognized from the 
equal-loudness contours for pure tones. As Fig. 13-86 shows, for meas- 
urements made with the frame on the forearm, there was no change in 
the size of the limen in the frequency range from 25 to 250 eps. The 
same holds for stimulation with a point. The measurements described 
above were all made with sinusoidal vibrations. But if a series of clicks 
was used, produced by the discharge of a condenser at the rate of about 
two per second, most of the phenomena changed considerably. For 
instance, when the edge of the frame, 13 cm in length, stimulated the skin 
of the arm with a sinusoidal vibration, the sensation spread out laterally 
about 10 cm, depending on the frequency and the vibratory magnitude. 
But if short clicks were used, the lateral spread was often less than 1 em. 
As a consequence of this phenomenon the difference limen for the sensa- 
tion of distance on the skin of the arm was found to be almost twice as 
large for sinusoidal vibrations as for clicks. . 
Because the lateral spread for the click is so small and all the sensations 
on the edge of a large stimulated area are suppressed, it is not surprising 
that the difference limen for amplitude changes for the click is almost inde- 
pendent of the size of the stimulated area, in complete contrast to the 
situation for sinusoidal vibrations. Figure 13-87 shows the audiometric 
records for a series of clicks applied to the arm, one with the edge of the 
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frame and the other with a needle 1 mm in diameter. The difference 
limen is only a little larger for the frame than for the needle. Stimulation 
with clicks changes the whole slope of the magnitude curve as obtained 
by matching the vibratory magni- 
tude of a tip with that of a frame. 
This fact is interesting because 
according to Fig. 13-86 the differ- 
ence limen for sinusoidal vibrations 
does not change appreciably with 
frequency for the frame or for the 
point vibrator. From this we 
Bei stu qn ey m of would expect that Shining 
E Guino SSS erence different frequencies, according to 
n e T REN ere wae Fourier's law, so that they form a 
13 em long. series of clicks would not affect the 
difference limen. But it does not 
seem to be so. Evidently Fourier's law cannot be applied without 
restriction to problems of sensory intensity on the skin, for the nervous 
system is not a passive network. 

How intricate the interaction between two sections of the skin is can 
be demonstrated further by measuring the difference limen for amplitude 
changes near threshold for two vibrators with a phase difference. For 
this purpose two equal vibrators, each with a small frame with a diameter 
of 1.0 em, were placed 8 em apart on the forearm. The amplitudes were 
adjusted precisely to the threshold values, and they were both increased 
or decreased in the same way, depending on the potentiometer position 
on the audiometer. One of the vibrators was attached to a phase shifter, 
so that the relative phase between the two vibrators could be set at any 
value. It then turned out that when there was no phase difference the 
lateral spread of the sensation was very large and the difference limen 
was large also. But if there was a small phase difference and the sensation 
was localized completely to one side, the lateral spread became small and 
the difference limen perhaps twice as small. A small phase difference is 
enough to mask one vibrator and to produce a difference limen of the 
size that would be produced if the stimulated surface area were decreased 
from 10 to lem. At threshold the sensitivity, however, is better if there 
is a phase difference and the vibrations are localized to one side. When 
there is a phase difference we have a spatial interaction with a time 
delay as a new element in it. 

Atonal Interval for Vibratory Sensation and Hearing. There are two 
difference limens for amplitude variations: (1) the just-noticeable vibra- 
tion, and (2) the amplitude at which not only is the vibration noticeable 
but its “pitch” ean be determined as well. The difference between these 
two thresholds is called the atonal interval, because in this range there 
is a sensation but the “pitch” is indeterminate. The atonal interval 
for hearing has been determined for various frequencies (Harris and 
Meyers; Pollack). This atonal interval is even less specific than the 
difference limen for loudness because the sensation of piteh ereeps in very 
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slowly. The magnitude of the atonal interval depends markedly on the 
method of observation. Nevertheless it is of interest because it shows 
a definite difference between hear- Speed = O7 db 
ing and the vibratory sense. 
Observations were made on the 
4 skin with the automatie audi- 
_ meter, which increased the vibra- 
1 tory amplitude of a small frame 1.8 
em in diameter from below thresh- 
old, at a speed of 0.7 db per sec. 
The subject touched the vibrator 
with his left thumb and made a 
mark on the audiometer record, as 
can be seen in Fig. 13-88, (1) when 


he first felt any vibration at all and Fr. 13-88. Measurements of the atonal 
(2) when he was able to discrimi- interval with the automatic audiometer. 


s = F descent of the curve, the 
nate the "pitch." The difference nn represents the first percep- 


between the two marks in decibels jiin of vibration - Re lower mark the 
is the atonal interval. The meas- first appreciation "pitch." The 
urements were made first with er er agg marks represent 
increasing amplitudes and then 2 pedi 
with decreasing amplitudes. The same method was used to measure the 
atonal interval for hearing. 

Of the many measurements made the only ones to be mentioned repre- 
‘sent the change in the atonal interval when the presentation time of the 
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Fra. 13-89. Effects of the duration of stimulation on the atonal interval for tones 
and for vibrations on the skin. 


vibration or the tone was shortened. These results are shown in Fig. 
13-89. With the sinusoidal vibrations, the interval grew rapidly as the 
Presentation time dropped below 10 cycles, and below 3 cycles confident 
Judgments of pitch were no longer reported. These measurements were 
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made by stimulating the finger tip with 300 eps. The results are different 
for hearing, as can be seen from the dotted line in Fig. 13-89. Here as 
little as 2 cycles gives a well-defined sensation of pitch, as is well known, 
and the atonal interval does not grow smaller as the presentation time is 
lengthened. From this it seems that, in hearing, the discrimination of 
the piteh of a 300-eps tone is probably different from the sensation of 
“pitch” on the finger tip. This conclusion is further supported by the 


fact that for a long presentation time the atonal interval was found to be 
larger for hearing than for the finger tip. Several subjects reached this 
conclusion. The curve for one subject can be seen in Fig. 13-89. On 


less sensitive areas such as the arm, the atonal interval for vibrations at 
300 eps may be three or four times as large as on the finger tip, whereas on 
the lips, for instance, the interval may be as much as five times smaller 
than the interval for hearing, also at 300 eps. 
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Fie, 13-90, Audiogram of a person suffering from nerve deafness. 


If the atonal interval could be determined more precisely, it would have 
considerable importance for theoretical thinking in hearing and skin 
sensations. 

Difference Limen for Amplitude Discrimination under Abnormal Condi- 
tions. It is known from audiograms of patients with a diagnosis of nerve 
deafness (when the hearing loss is the same for bone-conducted as for 
air-conducted sound) that the difference limen near threshold is smaller 
at higher frequencies than at low frequencies. This can be seen on the 
right side of the audiogram in Fig. 13-90. Since many thousands of 
patients have this kind of audiogram, the question arises, can we find 
any explanation for this condition? 

We have learned from measurements on the skin that the difference 
limen near threshold becomes smaller and smaller as the size of the 
stimulated area is decreased. Automatically this would mean that a 
decrease in the number of stimulated end cells decreases the difference 
limen. This would fit in with the pathological picture that a disease 
reduces the number of active end cells. We have found further that 
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the decrease in the difference limen is relatively small when a large 
area starts to decrease, but it becomes pronounced when the stimulated 
area approaches the size of the tip of a needle. From this fact we would 
expect that a uniform decrease in the number of active end cells along 
the whole basilar membrane of the ear, produced by an inflammatory 
process of the labyrinth, would only decrease slightly the difference 
limen for the low frequencies, for with low frequencies a large area of the 


basilar membrane is stimulated. But it would have a greater effect on 
the difference limen for the higher frequencies, for which only a relatively 
smal! section of the basilar membrane near the stapes is set in motion 
by the tone. This seems to explain to some degree the finding that 
the difference limen, particularly around 4000 eps, is markedly small 
when there is nerve deafness, because the place on the basilar membrane 


that is stimulated by 4000 eps probably has a poorer nerve supply than 
other parts of the basilar membrane. By a poorer nerve supply is meant 
poorer lateral branching, because this point is on the border line between 
two separate nerve trunks going to the basilar membrane. 

More difficult to answer is the question, why does a decrease in the 
number of active end cells diminish the difference limen? The writer's 
impression is that a single end organ has a relatively sharp onset, because 
throughout electrophysiology on-effects and off-effects play an important 
part, and these on-effects are stimulated when the vibratory amplitude 
reaches the threshold value. But if many end cells are present and 
they have lateral interconnections, then subliminal interaction takes place 
that distributes several on-effects within an amplitude range that was 
previously covered by only one on-effect. But this is only conjectural. 

Looking back at the amplitude curves of Fig. 13-80 we can see that a 
steep slope is present only near the threshold. As the vibratory ampli- 
tude of the point vibrator becomes larger than 5 db above threshold, the 
slope drops abruptly, and, unlike the situation at threshold, the same 
amplitude change produces a larger magnitude increase for the frame 
than for the point. At still higher magnitude levels, the same amplitude 
change produces the same change in vibratory magnitude in both vibra- 
tors. The explanation is probably as follows. Below the threshold of 
the single end cells there is a lateral summation with the frame, which 
lowers the threshold of the frame relative to the point vibrator. It is 
this subliminal summation that determines the difference limen near 
the threshold. After the amplitude has reached a certain value, all 
the end cells start their on-effects, and there results a quick increase in 
the magnitude. Because the frame stimulates simultaneously many 
more end cells than the point vibrator, the magnitude increase is larger 
for the frame than for the point. For still larger vibratory amplitudes 
we have to take into account the fact that the mechanical spread of the 
Waves for the point vibrator may stimulate larger sections of the skin, 
80 that there is no longer the pronounced difference between the frame 
and the point stimulation that there was near the threshold. 

We have an analogy in the hearing of pure tones if we assume that a 
low-frequency tone of about 50 eps stimulates a large area along the 
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basilar membrane like the frame, but that a tone above 3000 cps stimu- 
lates only a small area like the point vibrator. In hearing we would 
expect that near the threshold the curves of equal loudness would be 
farther apart for the low than for the high frequencies. But for medium 
loudness levels the curves of equal loudness are squeezed together at the 
low frequencies as compared with the higher frequencies, because a small 
change in amplitude at this level produces a large loudness change at the 
low frequencies. For still higher levels the curves of equal loudness 
should run parallel to one another over the whole frequency range. The 
curves of equal loudness for pure tones seem to show these trends (Stevens 
and Davis, page 124). 

If the difference limen near threshold in Fig. 13-80 is a consequence 
of the subliminal summation through lateral neural interconnections, 
we can assume that the same holds for the ear. In nerve deafness this 
subliminal summation is apparently lost, and the threshold therefore 
becomes higher. The difference limen for amplitude changes near the 
threshold becomes small in accordance with the change in slope of the 
magnitude curves in Fig. 13-80. Probably nerve deafness causes a 
larger change in the difference limen near threshold than at higher loud- 
ness levels, and it is therefore more useful for diagnosis to measure the 
difference limen near the threshold than at higher levels. 

In search for more information, an attempt was made to produce 
abnormal conditions on the skin and to investigate their effects on 
thresholds and difference limens. It is well known that either cold or 
warmth relieves pain and therefore puts some nerve endings out of action. 
Freezing the skin was earlier found to decrease the difference limen.* 

But freezing the whole forearm with 


Diameter of i v 
Pian ag AT Thumb, 400¢ps ethyl chloride spray was uncomfort- 
Omar able if maintained for a long time. 
3 ET | Wom | Much more pleasant and stable condi- 
Final "EX tions could be achieved by warming 


WW the arm with an infrared incandescent 
e lamp. This relieves pain just as suc- 


Time ^ 
Fro. 13-91. Effects of warming the cessfully as freezing and with much 
skin on the difference limen for More lasting effect. The heated skin 
amplitude, becomes less sensitive, as was noted 


i by simply touching the skin. The 
change in the difference limen and the decrease in sensitivity of a heated 
thumb are shown in Fig. 13-91. As can be observed, the heating 
produced first a change in the difference limen and then a change in 
threshold. Sometimes there was a time lag of almost 2 min between the 
drop in the threshold and the change in the difference limen. 

In order to demonstrate that heating the skin acts in the same manner 
as decreasing the nerve supply, the difference limen for distance was 
measured in the forearm first on normal skin and then at the same place 
when warmed up with the infrared lamp. The results, shown in Fig. 
13-92, indicate that warming the skin increases the difference limen from 

* See Art. 50 as listed in the Author's Bibliography. 
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about 2.5 to 4.0 em—just the same as going from the forearm to the 
shoulder. 

There was one interesting experience with these measurements. For 
most subjects heating or cooling the skin decreased the difference limen 
Necmi Wor and made the threshold higher. 

cm It could be said, therefore, that the 
—— [05 a normal skin is adjusted so that the 
sensory nerves are maximally sensi- 
tive at a room temperature of 
approximately 65?F. But some 
subjects showed a definite lowering 
—=~— 15 — —5——— in threshold together with an in- 


<< 0 ees 


75 cps 


Spread of sensation 
along the surface 


Normal 


— 4A. 3.5 —— m  Sdb decrease 
: 


30 sec fatigue 


Fra, 13-92, Effects of warming the skin — Fra. 13-93. The effects of fatigue on the 
on the distance threshold. distribution of magnitude on the skin. 


crease in the size of the difference limen with slight heating, and a drop 
in sensitivity occurred only with a further increase in the heating. Their 
skin was apparently adjusted to a temperature above 65°F. à i 

In addition to heat and cold, fatigue also changes the neural interaction 
along the surface of the skin, as Fig. 13-93 suggests. The top line of 
this figure shows the distribution pattern of the local sensory intensity 
for a vibrator with a diameter of 1.8 cm and operating at 75 cps. If the 
amplitude is decreased by 5 db, the lateral spread of the sensation becomes 
smaller, and the maximum of the sensation decreases also. But after 
30 sec, when the skin is fatigued and the maximal sensation intensity 
has dropped the same amount as would be produced by an amplitude 
drop of 5 db, then it is found that the whole sensation spreads out 
laterally. This fact indicates that the whole neural lateral interaction 
was changed completely during the fatigue, and the funneling action 
of the nervous system was decreased. 

Funneling Actions of the Vibratory Skin Sensations. As was men- 
tioned in the introduction, we ean bring the complex variations in the 
Skin sensations into a common point of view if we describe them as a 
funneling action of the neural tissue. It is well known that if two sensa- 
tions are produced side by side and one is much stronger than the other, 
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the weaker will be suppressed, but it may contribute to building up the 
stronger. In other words, there is a funneling toward the stronger 
sensation. This situation can be seen clearly in vision, where it is known 
as Mach's law of contrast. In the upper part of Fig. 13-94 a light 
stimulus along the surface of the 
Sensation retina is shown, which has a con- 
amd 77^5 stant level on both sides and a con- 
v tinuous slope in the middle. When 
we look at a light distribution like 
this, we see not the continuous 
slope but two stripes, a black one 
on the left side and a white one on 
the right. Both stripes appear 
close to the corners in the light 
distribution, as shown by the 
broken line representing the distri- 
bution of the magnitude of the 
sensation along the retina. This 
deviation of the distribution of the 
sensory magnitude from the distri- 
bution of the stimulus may be 
- achieved by a funneling action in 
" : was Which the sensory magnitude of the 
Miei riet LN of Mach’s weaker section is always depleted 
in augmenting the stronger section. 
Stripes are formed because there is a certain action radius in this 
funneling procedure. 

The lower drawing in Fig. 13-94 shows how, as a consequence of the 
funneling, a distribution of the light stimulus with a relatively flat 
maximum is transformed into a distribution of sensation with a much 
sharper maximum. This sharpening of a stimulus with a flat maximum 
is highly important in the localization of stimuli. 

It is easy to demonstrate the validity of Mach’s law for steady pressure 
on the skin by showing that the maximum of the sensation is localized 
near the maximal curvatures in the stimulus distribution (see page 419). 
In order to show the same thing for the vibrations on the skin, use was 
made of the arrangement illustrated in Fig. 13-95. The surface of the 
arm touched the edge of a plastic sheet which consisted of three rigid 
sections linked together at two points, a and b. The two end sections 
were each connected to a rod that rotated around point c. The other 
end of the rod was set in vibration by a large eleetrodynamie driving 
unit. Since the left-hand section of the plastic sheet was closer to the 
rotating point, its vibratory amplitudes were one-third as large as the 
amplitudes on the right side, and the distribution of the stimulus was 
like that shown in the figure. Vibrations of 100 eps were used, and if 
the forearm was placed carefully along the edge of the plastic sheet so 
that the skin touched evenly along the whole length of the sheet, the 
sensation maximum was just above point b, and there was a definite 
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sensation of emptiness above point a corresponding to the black stripe 
in vision shown in Fig. 13-94 (dotted line). Unfortunately, the density 
of the nerve supply to the skin of the forearm is not large enough to make 
the contrast phenomena and the funneling strong enough for the 21-cm 
edge of the plastic sheet. In any case, the arm had to be placed care- 
fully to have an even stimulus pattern. 

When one edge of a vibrating frame was placed along the forearm, 
vibrations of 50 eps produced a sensation along the whole edge of the 

100 cps 


Sensation EM TR à = 
Stimulus I], 


{SSS annann SSS 
S N 


Plastic 
Bd \ 


Vibrator 


Fig. 13-95. Arrangement for the study of contrast on the skin. When the stimulus 
had the form of the crosshatched drawing the sensation was as indicated in the 
uppermost drawing. 


frame. But if the frame was struck a sharp blow, produced by a con- 
denser discharge through the electromagnetic driver, then the funneling 
action was strong, and only a few centimeters in the middle of the frame 
Seemed to be vibrating. The strength of this funneling action could 
best be demonstrated by superimposing a series of sharp clicks of increas- 
ing amplitude onto the 50-eps vibrations of the frame, which were given 
a constant amplitude 20 db above threshold. As Fig. 13-96 shows, the 
Wide spread of the 50-eps sensation is funneled more and more into the 
center of the click. , , 

A continuous random vibration aets very differently from a series of 
Sharp clicks. The random vibration produces a sensation that moves 
back and forth constantly along the edge of the vibrator at high speed. 
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This movement somehow disturbs the funneling action so that the super- 
position of the random vibration onto the smooth sensory pattern of a 
sinusoidal vibration spreads the pattern out laterally on both sides. 


APL. düd 
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Eu uum. EN N 


ear |e in. (e 
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Fio. 13-96. Effects of superimposing sharp click stimuli on vibrations of 50 cps. Note 
the changes in distribution as the click stimuli were increased in amplitude. 
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Fic. 13-97. Effects of superimposing white noise on vibrations of 150 cps. 


At the same time the intensity of the sensation decreases, as shown in 
Fig. 13-97. 

It is of interest to discover how the funneling works when there is à 
time delay such as is found in a rotating vibration or rotating sound. 


un udn 
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It is known that even a small time delay is enough to funnel the whole 
sensation from one side to the other, but the changes in vibratory mag- 
nitude during the displacements of the sensation along the skin were 
very different from the findings in the ear. When a series of clicks ix 
presented to one ear, and a similar series with a slightly different repeti- 
tion rate is presented to the other ear, the click seems to travel from one 
ear to the other through the middle of the head, without changing its 
loudness or its apparent size. On the skin, however, the vibratory 
magnitude is smaller in the middle position than on either side, and 
at the same time the lateral spread 2 
is much larger in the middle than — 225227 X Loveness 
on either side (page 571). 

These experiments were repeated CQ) 
on the forearm with two vibrators, 20cm 
one with a frequency of 50 eps and (Q) - 
the other with 50 + 14 eps. It 
turned out, as ean be seen in Fig. 
13-98, that when the distance be- 
tween the two vibrators on the arm 
was 20 cm, the vibrations could be 
felt only at the sides when a time 
delay was present. In the middle 
position, when there was no time 
delay, there was hardly any sensa- 
tion, because the magnitude of the 
sensation was almost zero. But 
when the distance between the two = 
vibrators was decreased to 10cm, ., Oo 
a sensation was observable in the Soo 
middle position, and it became O 
smaller and more intense as it t t 
moved to the side. This was even 503 cps 


à A 50 cps 
more noticeable for a distance of 


5 em. When the vibrators were 
2.5 em apart, however, the changes 
in vibratory magnitude during the 
displacements of the sensation were 
almost negligible, and at the same 
time the extent of lateral spread 
drawing in Fig. 13-98 shows. 


Fic. 13-98. Effects of a time delay 
between two vibrators applied to the 
forearm at different distances. The sizes 
of the circles or ovals represent the spread 
of the sensation and the diagrams on the 
right their magnitudes. 

was almost constant, as the lowest 


From this observation the conclusion can be drawn that if the distance 


between the two stimuli is greater 


than the action radius of the neural 


funneling, then when the rotating vibration is in the middle position 
the magnitude decreases considerably. But if the two stimuli are close 
together so that the neural interaction is strong, there is no magnitude 


change during the displacement from one side to the other. 


Since in 


the studies of the rotating tone no loudness changes were found as it 
moved from ear to ear, it seems likely that the neural interaction between 
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the two ears must be extremely great. 
agreement with the anatomical findings. 

The funneling of the 50-cps vibration by a series of clicks in Fig. 13-96 
shows that the funneling action, once produced, lasts a certain length 
of time, as it is able to suppress the 50-eps vibration between the separate 
clicks. But the active period of the funneling can be measured more 
precisely with the rotating skin vibrations. As can be seen from Fig. 
13-99, if one vibrator produces a series of clicks at 50 pulses per sec, 
the displacements of the sensation from one side to the other are the 
same as if only the 10!4-eps clicks were present, and 4 out of 5 pulses 
are suppressed on the 50-eps side. The measurements were made on the 
forearm with the vibrators about 10 em apart. 

With directional hearing or rotating sounds or vibrations, a time 
delay between the two stimuli of the order of 1.2 msee is enough to dis- 
place the sensation from the middle 
to one side. Evidently this type 
of funneling action acts with great 
rapidity. On the other hand, once 
a funnel is established, it generally 
takes longer than 30 msec to estab- 
lish a new or perhaps a different 
funnel or to break up the old one. 
The time it takes to break up a 
once-established funnel plays an 
important role in room acoustics. 
It is well known that the echo pro- 
duced by sounds reflected from 
walls is localized in the direction 
and pattern of the direct sound 
that strikes the listener first. This 
funneling action is the reason why 
| we usually localize a speaker in the 
| proper place, and not behind the 
Y walls, as we might locate him visu- 

ally in a room lined with mirrors. 
The funneling of the room echo 


This conclusion appears to be in 


50 pulses sec 104 pulses /sec 
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= Vibrator location 
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Fic. 13-99. The interaction of clicks at 
the rates of 50 and 10!$ pulses per 
second. The vibrators were on the fore- 


increases the loudness of the direct 
sound in a pleasant way. But the 


funneling action for the hearing 
4 of speech lasts only about 30 msec 
(Haas). If the time difference between the echo and speech is too large, 
the echo is perceived separately and becomes disturbing. 

On the skin of the left and right finger tips it is possible to obtain these 
" echoes" much the same as in hearing, except that the time relations are 
somewhat different. To study these phenomena, speech was recorded 
on a two-channel magnetic-tape recorder, and after the recording the two 
pickups were separated from each other to produce a time delay, One 
pickup was connected to the vibrator for the left hand and the other 


arm 10 em apart, 
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to the vibrator for the right hand. For control observations the two 
pickups were attached to earphones, one at each ear. When the time 
delay between the two tracks on the tape was slowly inereased from zero, 
the subject found first that a small time difference of about 1 msec 
shifted the whole sensation to one Continuous 

side. But it required a time differ- sensation 

ence of about 50 msee for the sen- 
sation on the one side to start to 
fall apart and the echo on the other = 
side to become observable. For Ya sec 
the hearing of speech the same T 
subject found a time interval of 
about 25 msec enough to produce 
a distinct echo. The time interval 
for a distinet echo depends to some 
degree on the type of sound 


Time 


Vibrating 
frames 


— — 


recorded on the tape. Certainly er err nid 
speech is more readily discrimi- Wo sensation EWE 


nated through an earphone than 

through the vibrator, and this 

seems to facilitate the separation of 

the echo from the original speech | 
sound. This dependence of the | 


fusion time of the echo on the Y 
diseriminability of speech sounds 
seems to indicate that funneling 
may occur at different levels of the 
nervous system. —a— 
It is likely that contrast phe- ‘=e 


Fra. 13-100. Effects of distance between 
two vibrators that gave alternating 
stimulations. 


nomena in vision and some analog 
on the skin are funneling actions 
produced by the lateral innervation A ee 
at the level of the end organs. Directional hearing and the localization of 
rotating sounds and their analog on the skin occur at a higher level, 
for they are observed if the two stimuli are presented to the two different 
sides of the body. But there are some phenomena of funneling which 
must occur at a still higher level, for the times involved are of the order 
of 0.5 see or more. Of this type of experiment only one will be described, 
which is an exact analog of an experiment done in hearing (page 375). 
The principle is shown in Fig. 13-100. Two vibrating frames were 
Placed side by side on the surface of the forearm with a certain distance 
between them. By means of a switch the vibration could be alternately 
shifted from one vibrator to the other one without any interruption, 
every 0.5 sec. The vibrations were continuous random vibrations; 
the band width extended over the whole frequency range of the skin 
Sensations, 

When the distance between the two frames was small, a continuous 
Sensation was produced as indicated in the upper drawing of Fig. 13-100. 
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But when a certain separation was reached between the two vibrators, 
the two frames could no longer be felt at the same time, but only one or 
the other, and when this happened a pulsating sensation was observed, 
as shown in the lower drawing. Depending on the distance between 
the frames, the vibratory magnitude, and the sensitivity of the skin 
section, the switching period could be increased to 1 sec without changing 


2 = input impedance of the otfenuotor 
Fig. 13-101. Apparatus used for switching the stimuli between the two vibrators. 


the phenomenon. This means that in this case a funnel, once established, 
held for at least 0.5 sec. With training the sensation could be switched 
from one vibrator to the other. 

For these observations it is important that the switching be done 
without a time lag. For this reason, the equipment shown in Fig. 13-101 
was used. It consists essentially of a Wheatstone bridge that is set out of 
balance by the short circuit on one arm of the bridge. Z represents the 
impedance of the attenuators. 


CHAPTER 14 


THE ELECTROPHYSIOLOGY OF THE COCHLEA 


The electrical potentials that arise in living tissues raise two difficult 
questions. One of these is the particular anatomical location of the 
potential generators, and the other is the manner in which the energy is 
supplied. In general, the location of the place of origin of biological 
potentials is extremely difficult because the generators are surrounded by 
layers of insulating materials, and the voltages picked up outside the 
insulating layers are no more than scattered potentials often straying 


Fra, 14-1. The effects of insulating membranes on the electrical fields produced by 
potential generators. 


far from their place of origin. "The situation is illustrated in Fig. 14-1, 
where the generators ei, es, es, and e, are enclosed by two membranes. 
The problem is to locate these generators by applying two electrodes, 
an indifferent electrode Ho remote from the region of interest and a small 
exploring electrode Æ placed at the point where we hope to find the 
generators. It is obvious that when the insulation of the membranes 
is high the stray eurrents outside have little to do with the location of the 
generators. This situation is further complicated by the fact that the 
membranes are thin and have large capacities, so that for alternating 
currents of high frequencies they lose their insulating properties and 
635 
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become conductors. They then act as short-circuiting paths, and in the 
extreme case prevent any escape of currents to the outside. 

The only solution of this problem is to insert the electrode as close to 
the generators as possible. For this purpose a vibrating electrode was 
developed that made it possible to pick up the potentials in the immediate 
vicinity of the vibrating tip, thereby localizing the mechanical vibrations 
at the site of the generator. With this technique it was shown that the 
potentials recorded from the round window of the cochlea represent an 
integration of the voltages arising in a large number of generators dis- 
tributed along the basilar membrane. Such an integration of com- 
ponents of various amplitudes and phases does not allow us to draw 
conclusions about the voltages in the individual elements or to work out 
the pattern of vibration of the basilar membrane. 

The vibrating electrode disclosed two features of the organ of Corti: 
(1) the mierophonie voltage is proportional to the displacement of the 
basilar membrane and not to its velocity, and (2) shearing forces and 
displacements parallel to the surface of the basilar membrane play an 
important role in the production of the microphonics. 

The problem of the source of energy presents two possibilities. The 
electrical energy might represent a transformation of the mechanical 
energy transmitted to the basilar membrane in the form of vibrations, or 
it might represent a release of energy already present in the tissues. 
The experiments indicated that the mechanical energy of the vibrations 
is not consumed or transformed, but only serves to trigger a pool of 
energy. This energy pool may be a direct potential of 80 mv found 
within the endolymph. It is likely that this direct potential will come 
to play an important role in our thinking about electrolytic concentra- 
tion differences and chemical factors in the generation of the cochlear 
potentials. 


DIRECT POTENTIALS AND ENERGY BALANCE OF THE 
COCHLEAR PARTITION* 


The inner ear is a complex system, and there are many ways to approach 
its problems. The approach of the communications engineer is to 
consider the inner ear as a transducer, a type of dead tissue, that trans- 
forms mechanical movements into mierophonies and nerve impulses. 
In this scheme a change in metabolism is usually described as fatigue or 
recovery. It cannot be denied that this type of simplification has been 
successful in describing many of the phenomena observed in the inner 
ear. 

On the other hand, a more physiological approach indicates that a 
living organism does not represent a stable system but is something that 
is continuously building up in some parts and decaying in others. For 
instance, research with isotopes has made it clear that even so seemingly 
indifferent a substance as the fat in an organism is continuously exchanged. 


* Article 58 as listed in the Author’s Bibliography. Published in 1950. 
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In such a physiological system with a floating equilibrium a stimulus is 
not simply transformed; it upsets a whole series of equilibrium positions. 

The main difference between the physical and the more physiological 
approaches becomes clear if we consider the energy principle. In a 
physical system the principle of energy constancy must hold, and if the 
ear is merely a physical system, there is a continuous flow of energy pro- 
duced in the inner ear, and the frictional losses cannot be larger than the 
mechanical energy input. On the other hand, in a physiological system 
there is a continuous flow of energy, and by physiological processes the 
electrical energy of the ear can be supplied continuously from chemical 
energy. A stimulus modifies the equilibrium position of a physiological 
system, a function similar to that of the grid potential in a vacuum tube. 
Indeed, if the electrical energy produced in the inner ear is furnished by 
chemical energy, it ean be larger than the mechanical energy of the 
stimulus. 

In biology it is well known that most living tissues produce constant 
currents flowing from one part to another. Every growing root shows a 
potential difference between the tip and the developed parts. This 
phenomenon is particularly interesting in a frog's egg, which in the 


beginning is a sphere with no clue to indieate in which direction the egg 
will grow. The first sign to appear is a potential difference between two 
opposite points on the sphere, and the direction of these two points 
determines the position of the frog (Burr). 

The present paper investigates whether there are phenomena in the 
inner ear that make it necessary to consider the physiological aspects. 
In the present status of our knowledge of the inner ear it is not profitable 
to argue the physical approach versus the physiological approach. The 
question is, in what part of the chain reaction called hearing does one 
or the other approach give hints for possible measurements? 

Direct Potentials in the Perilymph. The first question is whether 
there exist in the cochlea a constant current flow and potential in the 
absence of a stimulus. It is true that if electrodes are placed on two 
points of the cochlea there usually is a potential difference between them. 
But this does not mean that there must be a constant energy consump- 
tion or current flow in the neighborhood of the electrodes, because if the 
salt concentration at the two points is not the same, there can be a 
potential difference between the electrodes without any current, just 
as is true of a liquid-junction cell. Fortunately the perilymph in the 
cochlea has the same properties along both scalae. It can be shown in 
the cochleae of man and the guinea pig, as well as in models of the inner 
ear, that vibrations of the stapes produce a streaming of the perilymph. 
For vibrations of lower frequency there is an exchange of fluid through 
the helicotrema between the two scalae, which seems to assure the 
homogeneity of the perilymph. Hence if there is a potential difference 

en two points of the perilymph, there must also be a current flow, 
With an energy consumption. 

For the menos tiny holes were drilled in the bony wall of the 

cochlea of the guinea pig. Care was taken that the holes did not injure 
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any blood vessel on either the inner or the outer surface of the wall, so 
that no bleeding would occur. The tip of the electrode was placed in 
the middle of the scala, a position in which a displacement of the elec- 
trode did not affect the measured voltages. If the electrode touched the 
cochlear partition or the wall, the resulting displacement produced a 
change in the potential difference. 

It was found best to drill a hole in the vestibule near one end of the 
longer axis of the footplate of the stapes, where the wall is very thin and 
contains no blood vessels. "Therefore this point was used as the zero 
point for the potential measurements. In Fig. 14-2 the vertical arrows 
indicate the voltages relative to this reference point. The vestibular 
scala always showed a positive voltage, but in the tympanic scala the 
voltage near the round window was negative relative to the vestibule. 
The indifferent electrode placed near the wall of the bulla was usually 
2 to 3 mv negative relative to the vestibule, but this value was variable. 


A Millivolts 
O — N ow 


re. 14-2. Direct-current potentials in the perilymph of the vestibular and tympanic 
scalae, 


If the cochlear partition was injured, particularly near the helicotrema, 
the positive potential often increased as much as tenfold. These injury 
potentials disappeared with time, but a new injury caused them to 
reappear. 

In order to find out how much the holes in the wall of the cochlea 
influenced the measurements, the following experiment was carried out. 
If the voltages on the inner and outer sides of the round-window mem- 
brane are to be compared, the same fluid must be on both sides of the 
membrane in order that the electrode be always immersed in the same 
fluid. For this purpose a small drop of perilymph from the contralateral 
cochlea was placed on the outside of the round-window membrane. 
The voltage of this drop of perilymph relative to the indifferent electrode 
was about +2 mv, in accordance with Fig. 14-2. Then a hole was drilled 
in the wall as close to the round-window membrane as possible. There 
was no change in the potential of the outside surface of the round- 
window membrane relative to the indifferent electrode, which proved 
that a hole causes no disturbance as long as it does not injure the cochlear 
partition or the internal wall of the cochlea. The potential difference 
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between the inner and outer surfaces of the round-window membrane 
was of the order of 0.1 to 0.2 mv. 

Figure 14-2 gives the impression that a positive potential is generated 
inside the cochlear partition. Because of the thinness of Reissner's 
membrane this positive potential is more effective in the vestibular scala 
than in the tympanic scala. 

Effect of a Sound Stimulus upon the Direct Potentials of the Cochlea. 
Now that it has been established that there is a continuous consumption 
of energy in the cochlea, it is of interest to discover whether this con- 
sumption is affected by an acoustic stimulus. For this purpose sound 
was conducted through a tube to the external auditory meatus of a 
guinea pig, and the mierophonies and the changes in the d-e potentials 
between the round-window membrane and an indifferent electrode were 
observed simultaneously. Electric filters separated the a-c from the d-c 
potentials, and they were measured on two separate cathode-ray tubes. 
To make the d-c readings more sensitive, a part of the d-c voltage on the 
electrodes was compensated by a d-e voltage of opposite sign. In this 
way changes in the d-e voltage of the order of 10 av could easily be 
detected. 

To make sure that there was no cross modulation in the electrodes or 
filters, a control experiment was carried out first. The two measuring 
electrodes were immersed in Ringer’s solution. To the left and right 
of these electrodes were immersed two electrodes connected to an a-c 
source. Two additional electrodes outside of these last two were con- 
nected to a d-e battery. The internal impedances of the current sources 
were made very high. No cross modulation appeared when the sources 
were switched on and off. This held true even when the voltages picked 
up by the electrodes were about ten times as large as those picked up 
during the measurements on the cochlea. . 

The d-e voltage at the round window fell suddenly every time a sound 
of constant intensity was switched on, and consequently the positive 
potential of the round window relative to the indifferent electrode became 
smaller. Preliminary observations showed that at other points on the 
cochlea a constant sound stimulus often produced an increase of the d-c 
voltage rather than a decrease. The observations discussed in this 
Section were always made at the round window, where the d-e voltage 
always decreased, relative to an indifferent electrode, when a sound of 
constant intensity was switched on. Therefore the term d-e fall will 
be used throughout the present section. The size of this d-c fall at the 
round window was proportional to the size of the mierophonies produced 
at the same time. This relation is shown in Fig. 14-3. The propor- 
tionality does not hold for high sound pressures, where the amplitude 
of the microphonies is no longer proportional to the sound pressure. 
In general it was easier to measure the d-c fall inside the tympanic scala 
through a hole than on the outside of the round-window membrane, where 

€ electrolytic conditions are not very stable. A 

To make sure that the d-e fall was not produced by a contraction of the 
middle-ear museles, they were removed along with the eardrum and the 
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incus. Only the stapes was left. When the top of the stapes was 
brought into contact with the point of a needle and the needle was set 
into vibration, there was a d-c fall similar to that observed before. 

It was found further that a displacement of the round-window mem- 
brane did not produce a sustained d-e fall if the voltages were measured 
inside the tympanie scala or if care was taken that, during the move- 
ments of the membrane, the position of the electrode relative to the 
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Fic, 14-3. Relation between direct and alternating potentials at the round window 
during stimulation with a tone of 800 cps. 
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Fic. 14-4. Fatigue and recovery curves for the direct and alternating potentials at 
the round window during stimulation with 800 cps. 


membrane did not change. This seems to indicate that the d-c fall 
is produced in the inner ear. 

If the preparation was fresh, the introduction of a sound of constant 
intensity produced a d-c fall that was sustained as long as the sound was 
on and ceased immediately when the sound stopped. But if the cochlea 
was exposed to extremely loud sounds, or if the oxygen supply to the 
animal was reduced, the size of the d-e fall grew greater as the sound 
continued. This fact is shown for a specific case in Fig. 14-4. When the 
sound was turned off, the d-c voltage rose suddenly, but it took a long 
time for the original value of the potential to be fully restored. In con- 
trast to this, the size of the microphonies shows no change at all for a - 
constant intensity. There is a degree of independence between the 
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changes in the d-c potentials and the size of the microphonies produced 


by a sound 

The Three Different Potentials in the Cochlea. The potentials dis- 
covered by Wever and Bray (3) were differentiated into mierophonies 
and nerve impulses by Saul and Davis and by Adrian (2), The question 
now is whether the d-e fall produced by a sound represents still another 
basie process. In an attempt to answer this question, the decay of the 
potentials accompanying the death of the animal were recorded. After 
the oxygen supply was stopped the mierophonies produced by a constant 
sound decayed (a-e curve in Fig. 14-5). Similar observations were 
made by Wever, Bray, and Lawrence (2); Wever, Lawrence, Hemphill, 
and Straut. At the same time there was a d-c fall having a different 
slope. Usually the size of the d-e fall increased after the oxygen supply 


D-c voltoge 
= \ 
= 
ke. 
bw-—- voltage 
es N 
0 en — —— —. — o oce — 


0 5 10 
tmin 


Fic. 14-5. Effects of oxygen lack on the direct and alternating potentials, for 800 eps. 


Was stopped, and it was not until later that it began to decrease. By 
changing the depth and duration of the narcosis the d-c fall could be 
modified (note the slope of the d-e curve of Fig. 14-5). The oxygen 
Supply was curtailed by introducing a tube of considerable length into 
the trachea so that the animal partially rebreathed the exhaled air. If 
this condition was maintained over a period of about 15 min, at the end 
of which time the oxygen supply was completely cut off, the size of the 
d-e fall accompanying death sometimes remained constant for about 
5 min before it began to decrease. But the amplitude of the micro- 
phonics, measured concurrently, decreased immediately after the oxygen 
Supply stopped. Both the mierophonies and the d-c fall were measured 
9n the round-window membrane relative to an indifferent place near 
the outer surface of the bulla. y 

Usually, with increasing anoxia, first the neural potentials, then the 
Microphonics, and finally the size of the d-c fall became smaller. Each 
of these three seems to go through a different process. i 

It was expected that when there was no stimulus the d-e potentials 
at various points in the perilymph would fall with the same slope; but, 
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as Fig. 14-6 shows, this did not occur. Therefore we must conclude that 
there are several different processes set up by anoxia. 

Transformation of Mechanical Energy into the Electrical Energy of 
the Microphonics. The fact that with no stimulus there is a continuous 
d-e potential and a continuous consumption of electrical energy in the 
perilymph raises the question whether the energy of the microphonics is 
obtained from transformation of the mechanical energy of the cochlear 
partition or from the energy reservoir of the continuous d-c potentials. 
If it is a transformation of mechanical energy, then when the cochlear 
partition is set into vibration by a sudden push it will lose its mechanical 
energy both through friction and through the production of micro- 
phonics. Therefore the amplitudes of the cochlear partition and the 
microphonics will show a certain rate of decay. If the production of 
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Fra. 14-6. Effects of stopping the oxygen supply on direct potentials recorded at 
different regions of the cochlea. 


mierophonies is now diminished, e.g., by anoxia, the rate of the decay 
should change. If anoxia decreases the insulation of some membranes, 
the electromotive forces of the microphonics will be shunted through 
some new conductive pathways. Then, because of the smaller resist- 
ances, the consumption of the electrical energy may even increase. On 
the other hand, if there is a reduction of the electromotive forces of the 
mierophonies, then the loss of electrical energy will be smaller, and the 
decay time will be prolonged. 

To carry out this experiment a small iron ball was introduced through 
a hole in the top of the cochlea and was placed near the middle part of 
Reissner’s membrane, as shown in Fig. 14-7. The cochlea was tilted 
so that this part of Reissner’s membrane was in a horizontal position. 
The weight of the iron ball deformed the cochlear partition. When the 
ball was lifted suddenly by means of an electromagnet, the cochlear 
partition received a short, sharp pull. After several trials it was possible 
to adjust the position of the electromagnet in such a way that, when the 
current in the electromagnet was turned off, the iron ball fell back to its 
original position on Reissner’s membrane. The mierophonies were 
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picked up by one electrode placed near the iron ball and close to the 
modiolus and another electrode placed in the vestibule. 

The iron balls were made from iron wire 0.05 mm in diameter. The 
wires were embedded in a plastie substance and then cut into eylin- 
ders 0.05 mm long. After the plastic was. removed they were rotated 
between two glass plates with some emery powder. It was important 
that the balls be as round as possible, for otherwise the magnetic field 
rolled them on Reissner's membrane! before they were lifted from it, 
and when this happened the pull on the cochlear partition was not suffi- 
ciently abrupt. It was difficult to place the iron balls at the proper 
place on the partition. A ball placed on the surface of the perilymph 
did not sink but floated away on the surface, driven by capillary forces. 


Reissner s membrane 


Bony wall 
of the cochlea 


Fic. 14-7. Method of imparting a mechanical shock to the cochlear partition. 


To avoid this difficulty, a small drop of perilymph was picked up on 
the tip of a platinum wire. With this wet wire the iron ball could be 
picked up from the glass plate. Then when it was placed on the surface 
of the perilymph it sank immediately, and could be positioned properly 
by means of the magnet. 

The oscillations of the cochlear partition were measured when the 
ball was pulled away, because then there was no abnormal load on the par- 
tition. Asa control, the ball was placed on the bony part of the cochlear 
partition and on the spiral ligament, and then the size of the mierophonies 
Was zero, i 

Figure 14-8 shows the first picture obtained, with the ball placed 
near the end of the cochlear partition. Here the natural period is 
150 cps, and the amplitude ratio between two consecutive maximal 
excursions in the same direction is about 3:1. It should be pointed 
Out that the vibratory mode of the cochlear partition for such a sharply 
localized displacement as produced by the iron ball is very different 
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from the mode produced by the movement of the stapedia 
This latter consist f traveling waves going toward the helicot 
Mter the iron ball had been lifted and dropped several t 


ibratory pattern had shown no changes with time, the oxyge 

to the animal was redu 

the amplitude of the mi 

dropped to one-fourth of it 

value. When the ampli 

had been properly readjust ) 
change in the decay curve 

be detected. This experime 
repeated on many guine 
always with the same result 


adjusting the intensity « 
rent in the electroma 
possible to obtain much smo: 
decay curves than the one 

in Fig. 14-8, because the hi; 
natural frequencies were 
eliminated. 

The fact that a change in the 
electrical energy consumption did 
not affect the damping of the free 
oscillations of the cochlear partition 
leads to the conclusion that the 
electrical energy of the micro- 
phonies is not produced by a transformation of the mechanical energy 
delivered to the cochlear partition by a mechanical stimulus. 

D-C Microphonics. Further evidence for the assumption that the 
electrical energy of the microphonics is not produced by transformation 
of the mechanical energy can be obtained if it is possible to show that 
the amount of electrical energy caused by a given deformation of the 
cochlear partition is greater than the amount of mechanical work done. 
Such a measurement seems to be difficult when the cochlear partition 
is undergoing forced vibrations, because the energy loss resulting from 
friction inside the cochlear partition and in the surrounding fluid is not 
known. But it should be possible to measure the work done when a 
needle point is pressed against the cochlear partition, while at the same 
time the potentials produced by this deformation are measured across 
known resistances. If a single static deformation of the cochlear partition 
should produce a constant continuous potential—a d-e microphonic 
this would prove that the electrical energy arising in the cochlea is 
from a nonmechanical pool of energy, perhaps an oxidation-reduction 
process. 

The maximal value of the d-e mierophonies that can be expected is 
of the order of 200 uv. The whole measurement is reduced to the 
problem of finding an electrode that is suitable for d-e measurements. 
One was finally produced that could be duplicated within the limits of 


Fic. 14-8. Damped vibrations of the 
cochlear partition produced by a mechani 
cal shock 
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20 wv, would maintain these limits for several hours, and at the same 
time was sufficiently small. Furthermore, the readings of this electrode 
were not affected by the protein content of the solutions, nor was there 
any measurable sign of polarization for the d-e potentials of 3 to 5 mv 
occurring in the perilymph, 

In order to find out how long the d-e mierophonies lasted after a single 
deformation of the basilar membrane, measurements were made first 
near the round window. A small hole was drilled in a corner of the 
round-window membrane, and through it one of the electrodes was 
inserted into the tympanic scala. The second electrode was inserted 
into the vestibule through a hole near the stapedial footplate. The 
d-e potential between the two electrodes was compensated by means of a 
battery and a potentiometer in such a way that the input to the d-c 
amplifier became zero. It was usually possible to hold this adjustment 
constant within the limits of 20 av for a half hour. Then another hole 
was drilled through the round-window membrane, and through it a 
thin glass needle was placed with its tip just above the basilar membrane. 
Small and slow displacements of this needle did not change the d-c 
potentials; but at the moment that the surface of the basilar membrane 
was reached, the voltage of the tympanic scala became increasingly 
positive, and the amount of increase depended on how deep the tip of 
the needle was pressed into the basilar membrane with the micro- 
manipulator. When the displacement was stopped, the changes in the 
d-e potential stopped also, and it was possible to keep the value of the 
d-c potential constant for 10 min or more. When the needle was lifted, 
the d-c potential returned to its previous value. This experiment could 
be repeated as long as the preparation was in good condition. The 
maximal d-e microphonie obtainable was 300 uv; but when the prepara- 
tion was no longer in good condition, a static displacement no longer 
produced a d-e mierophonie of constant size. Instead it fell slowly. 
Anoxia gave the same result. f A 

If the displacement was too great, the d-c potentials suddenly jumped 
to a much larger value, which was either positive or negative. These 
were potentials of the injured cochlear partition, and when the needle 
was withdrawn, the potentials remained. With anoxia these injury 
potentials fell much more slowly than the microphonics. 

The same experiment was repeated near the helicotrema. In that 
location it was much more difficult to keep the zero line constant. The 
removal of the eardrum, the malleus, the incus, and the tympanic 
muscles seemed to be necessary. The zero line could be considerably 
improved by adjusting the narcosis so that breathing was regular and 
approximately sinusoidal. Then a displacement of the zero line on the 
oscilloscope could be observed precisely. If the point of a needle was 
then pressed against the cochlear partition and a constant displacement 
of the partition was produced, a d-c microphonic of constant size again 
appeared between the perilymph near the helicotrema and an indifferent 
electrode. The size of the d-e microphonies remained constant for 
many minutes after an initial drop of a few per cent. 
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Energy Balance for a Static Deformation of the Cochlear Partition, 
An examination of the internal structure of the cochlear partition leads 
to the expectation that for the production of a certain amount of elec- 
trical energy a displacement of Reissner's membrane would require less 
work than a displacement of the basilar membrane. This seems likely 
because the stiff parts of the basilar membrane must be moved before 
pressure can act on the internal parts of the cochlear partition where the 
microphonies presumably are produced. — Therefore a point on Reissner's 
membrane near the helicotrema was selected for a measurement of the 
mechanical work done for a certain displacement of the point of a needle 
pressed against the membrane. 

For the small displacements used the validity of Hooke's law can be 
assumed. If, for a downward movement, we let s represent the distance 
traversed from the point of first observation of a movement of the needle 
to the point where the movement is stopped, and if p represents the 
pressure exerted on the needle at the end point, then the work done is 
given by A = l$-sp. The greater part of this work is stored in the 
potential energy of the elastic membrane and can be recovered, as shown 
in Fig. 14-8, if the pressure is released and the membrane is allowed to 
swing back. "Therefore only a small part of this mechanical work could 
be transformed into the electrical energy of the microphonics during 
the pressure on the membrane. 

Here will be considered only one part of the electrical energy consump- 
tion, namely, the energy loss in the vestibular scala. This scala repre- 
sents, from the electrical point of view, a pure fluid resistance of about 
15,000 ohms. If a voltage difference exists between the helicotrema and 
the vestibule, a current must flow through this resistance, and the energy 
loss ean be caleulated. From Fig. 14-2 we can see that when there is no 
pressure on the membrane there is a constant potential difference between 
the helicotrema and the vestibule. Let us call this potential difference Ko- 
The continuous energy loss is E;?/R. If the needle is pressed against 
Reissner's membrane, the potential of the perilymph near the helicotrema 
increases relative to the vestibule. Let us call this voltage increase Æ. 
Then the additional loss of electrical energy for a certain time interval ¢ 
produced by the deformation of the membrane is given by 


W (14-1) 


t 

ROEE + E) 
The values in an actual ease were s = 10~? cm, p = 1.4 dynes, Hy = 2 mv, 
and E — 0.8 mv. For mechanical work, A = 7 X 10-!! watt-sec 
[10° dyne X em = 1 watt-sec]. For electrical energy loss in the ves- 
tibular scala, W = 8.6 X 10-4 watt-see. These figures demonstrate 
that after-a time interval of 1 sec the increase in electrical energy con- 
sumption produced by the pressure on the membrane becomes greater 
than the mechanical work done on the membrane. 

From these experiments it is necessary to conclude that the electrical 
energy of the mierophonies is not supplied solely by the mechanical 
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energy of the stimulus. Corresponding measurements made on the 
basilar membrane near the round window corroborated this conclusion. 
However, this conclusion holds only for mierophonies produced by an 
animal in good condition, when a maximal voltage of 200 to 300 av was 
obtained. If, for instance, in a dying animal the mierophonies declined 
to a value around 10 av this conclusion would no longer be valid for two 
reasons. First, the time ¢ in Eq. (14-1) would have to increase to a very 
large value to fulfill the equation W > A, and the long times required 
could not be verified experimentally. Second, in a dying animal a static 
deformation of the cochlear partition no longer produces a continuous 
increase in potential. The potential increases immediately after the 
deformation and then falls slowly. It may be that these low-level 
mierophonies are of entirely different origin, and it may be that they are 


produced by an energy transformation of the stimulus. 


RESTING POTENTIALS WITHIN THE COCHLEAR PARTITION* 


Evidence has already been given on the existence inside the cochlea 
of a lightly anesthetized guinea pig of continuous d-e potential differences 
between different places on the cochlea that appear not to be related to 
any acoustic stimulus. These resting potentials appear across the 
cochlear partition, i.e., between the perilymph of the vestibular scala 
and the tympanic scala, and are of the order of a few millivolts. In the 
course of the measurement of these resting potentials it was observed 
several times that a minute perforation in Reissner’s membrane immedi- 
ately increased the potential difference between the two channels. 
Consequently, a special technique was developed to determine whether 
Reissner's membrane was still intact. The results suggest that there 
are structures within the cochlear partition that show potential differences 
larger than the differences found between the two cochlear scalae. The 
experiments to be described represent a preliminary attempt to measure 
these resting potentials inside the cochlear partition. 

Force Required for the Perforation of a Thin Membrane. One of the 
first problems encountered was that of introducing microelectrodes into 
the cochlear partition with a minimum of damage to the surrounding 
tissues. Direct observation under a stereoscopic microscope made it 
evident that it is extremely difficult to perforate with a micropipette 
even so thin a membrane as Reissner’s membrane without damaging 
the tissue around the opening. The pressure of the micropipette is dis- 
tributed over a large area of the membrane, and a break may occur at 
Some distance from the point of the micropipette. . : 

Let us consider for a moment the maximum stresses Smax in a circular 
plate loaded at the center with a force P uniformly distributed over the 
area zry, If tis the thickness and r the radius of the plate, then in an 
unsupported plate the relation between the maximum stress in the plate 


* Article 64 as listed in the Author’s Bibliography. Published in 1952. 
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and the force P is given by 
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3 K 1- 2$(r/r) 


where K is a constant with an approximate value of 1. 


If the circular 


plate is fixed at the cireumference, we have 
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as given by Hütte. 


"These formulas are approximate. 


If we make the 


maximal stress Smax equal to the stress S at which the material breaks, 
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Fic. 14-9. Force required to penetrate a 
thin membrane in relation to the concen- 
tration of the force, expressed as r/ro 
where r is the radius of the membrane 
surface and rp is the radius of the pene- 
trating point. 


then Pmax represents the force that 
penetrates the plate. In Fig. 14-9 
the penetrating force is plotted for 
different radii rp of the pipettes. 
Biological plates such as Reissner's 
membrane are neither unsupported 
nor fixed at the circumference; 
consequently for them the perfor- 
ating pressure falls in the hatched 
area of the figure. The perforating 
pressure decreases as the diameter 
of the pipette is reduced, until this 
diameter becomes one-third of the 
diameter of the plate. But a fur- 
ther reduction of the diameter of 


the pipette does not affect the per- 
foration pressure. This may be the reason why a micropipette with a 
diameter of 5 a can be just as damaging to Reissner’s membrane as à 
pipette with a diameter of 50 a. 

This situation changes when we decrease the diameter of the micro- 
pipette to the point at which it is smaller than the diameter of a single 
cell. Now the force on the pipette acts only on the wall of the isolated 
cell and not on the whole of Reissner’s membrane acting as a homogeneous 
plate formed by a group of cells. The formulas mentioned above show 
that the penetrating force P is proportional to the square of the thickness 
t of the plate. This tends to make the force P very small when the wall 
of a single cell is perforated. Thus we can expect a marked decrease 
in the penetrating force, not when Reissner’s membrane is perforated 
as a whole at one time, but when the small pipette perforates the walls 
of the cells one after another and the perforating process of the whole 
membrane is spread out in time. This seems to suggest that the tip 
of the micropipette should be smaller than the diameter of the cell. 
Here again we have the same relations as those shown in Fig. 14-9, and a 
decrease in the diameter of the pipette to considerably below the diameter 
of a single cell would further decrease the perforating pressure. Micro- 
pipettes with a diameter of about 14 u should therefore be used. Ling 
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and Gerard found also that the potentials of a single muscle fiber were 
more reproducible when electrodes with a diameter of less than 1 a were 
used. 

Measurement of the Potential Differences. When one micropipette 
is introduced into the perilymph of the vestibular seala and a second 
mieropipette filled with the same electrolyte is introduced into the 
endolymph of the cochlear partition, the electrical potential difference 
between the two electrodes consists of the sum of three potential differ- 
ences. First, there is a junction potential between the fluid of the 
electrode and the perilymph, produced by the different ionic concentra- 
tions in the two fluids. Then there is a potential difference across 
Reissner's membrane. It is this potential difference that is to be meas- 
ured. Finally, there is the potential difference between the endolymph 
and the fluid of the second electrode—again a junction potential. The 
junction potentials are of the order of a few millivolts. When the 
electrodes are immersed in the same fluids they cancel each other, but 


Electrodes 


q 


Fic. 14-10. An amplifier for d-e pulses, with high input impedance. 


in the present experiment this did not occur. A calculation of the size 
of the junction potentials is not possible at the moment because we 
now relatively little about the chemical properties of perilymph and 
endolymph. , . 
As far as the writer knows, Tower was the first to show that junction 
Potentials can be eliminated under certain circumstances. It was 
Planck who calculated the junction potential between two different 
Solutions, and he found that with binary salt solutions the magnitude 
of the potential is proportional to the difference in mobility of anions 
and cations (see also Nernst), Thus if the mobility of anions and 
rations is the same, there is no junction potential. Potassium chloride 
fulfills these requirements to some degree. If other ions are present in 
addition to potassium chloride, the junction potential can still be broken 
ou às is known, by using a high potassium chloride concentration. 
0 the present experiment the mieropipettes were filled with 3 M potas- 
Sum chloride solut ion, and silver chloride electrodes were used. 
;. iN micropipettes have a high resistance, and a static electrometer 
s Probably best for measuring the potential differences. Here a pulse 
amplifier was used, A schematic wiring diagram is shown in Fig. 14-10. 
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The potential differences on the electrodes charged a small condenser C, 
and this condenser was then discharged once every second through a 
transformer. The sharp discharge current produced a damped oscilla- 
tion in the circuit formed by the transformer coil and its own winding 
capacity. These oscillations were amplified and observed on an oscillo- 
scope. The potential difference on the electrodes was compensated by 
means of a calibrated potentiometer P until oscillations were no longer 
seen on the oseilloseope. If the capacity C was kept small, the number 
of coulombs going through the electrodes could be kept small also. The 
only difficulty was to keep switch S in good working condition. Appro- 
priate shielding of the equipment prevented condenser C from picking up 
voltage from a free end of wire during the movement of the switch. To 
compensate the potential differences it was appropriate to amplify the 
electrical oscillations and to insert between the amplifier and the oscillo- 
scope a self-actuating logarithmic attenuator. This attenuator empha- 
sized the small voltages and decreased the large voltages, and it permitted 
rapid and precise adjustments of the compensation. A Kay-Lab Logaten 
attenuator was used (from the Labfell Laboratories, Inc., San Diego, 
California). 

Localization of the Tip of the Micropipette inside the Cochlear Parti- 
tion. The introduction of a micropipette at a predetermined point on 
the cochlear partition is a subtle 
procedure. After a small hole was 
made in the bony wall just above 
Reissner’s membrane, it was neces- 
sary to keep the surface of the bone 
around the hole wet, so that the 
perilymph coming from inside did 
not form a drop but spread along 
the surface of the bone and pro- 
duced a flat boundary between 
perilymph and air. If a spherical 

was produced, the cochlear 
partition as seen through the micro- 
scope was considerably distorted. 
Fic. pipe app view of the For this same reason the diameter 
ae Eseries cone seen of the immersed part of the micro- 

à x pipette had to be as thin as possible, 
for the distortion of the boundary between the perilymph and air de- 
creased rapidly with the size of the pipette because of capillary forces. 

Through the hole of a freshly opened cochlea a picture like that 
shown in Fig. 14-11 could usually be seen. Most fascinating was what 
looked like a number of round oil droplets lying on a flat membrane. 
The flat membrane consisted of the cells of Claudius, and the oil droplets 
were the large cells of Hensen. The ridge formed by the cells of Hensen 
had a distinct outer border with a characteristic shape. Closer to the 
modiolus, radial stripes could be seen, and they were the hair cells and 
phalangeal cells. Deep below the level of the cells of Claudius was the 
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spiral vessel in which red blood cells were seen moving at high speed. 


There were many recognizable landmarks. In a dying cochlea, the cell» 
of Hensen became opaque, and in general the structures were more 
readily discernible. With experience it was possible to judge the decrease 
of the microphonics from the opaleseenee of the cells. To increase 


the visibility of the opalescence, violet light was used to illuminate the 
bony wall of the cochlea from one side. But in general, the better the 
condition of the cochlea, the less that was seen. 

Landmarks in the vertical dimension were harder to find, The 
vertical slide on which the microelectrode was fixed was calibrated in 
microns, and by the use of micro- 
scopic slides of the cochlea it was 
possible to evaluate the expected 
distances. Most often the surface 
of Reissner’s membrane was used 


as a reference point. When the 
electrode was pushed down it was 
easy to detect the moment at which Mensen s cells 
its point touched Reissner's mem- 
brane. It was only necessary from 
time to time to give the electrode 


a small lateral displacement during 

its downward movement. As long 

às the tip of the electrode was Le esami 

free, it followed these movements 

closely, as could be seen in the Fre. 14-12. The movement of the cells of 


i ign of contact between the 
Microscope. But if the electrode ut Deuil ci Clodius. 


was rather thin and elastic, the à ; = 
moment its tip touched arg ceni it became immobilized, and 
a sudden jump in the potential difference occurred. d 
The depth A which the electrode reached the cells of — mead 
be recognized by observing the sharp border of the cells 4 ensen. s 
shown in Fig. 14-12, a pressure on the cells of Claudius isplaced I e 
tells of Hensen toward the outer wall of the cochlea. This md D 
Was characterized by a sharp jump in the potential difference 
the perilymph and the electrode in the cochlear partition. E. 
Potential Differences inside the Cochlear Partition. Fro e 
anatomical standpoint the most convenient location for ore tpm = 
the potentials inside the cochlear partition seems to be a poin m 
Partition about 15 mm away from the footplate of the viet P 
Cochlear partition around the helicotrema is not suitable — E 
Partition there is flat, Reissner's membrane comes close vir e ae 4 
of Corti, and the different cells cannot easily be eerie api vem 
to the footplate of the stapes the cochlear partition is too thick, 
difficult to push an electrode from one scala to the other. E. 
A representative set of measurements for the location a ie 
Shown in Fig. 14-13. The dotted lines a and b represent the pa} * al s 
Which the microelectrode was pushed down. On left and right sides 
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of the figure are the corresponding voltage differences between an elec- 
trode placed in the perilymph of the vestibular scala above Reissner’s 
membrane and an electrode immersed to various depths in the cochlear 
partition. 

During the time of perforation of Reissner’s membrane, the per- 
forating electrode was negative relative to the vestibular scala. This 
potential measured about —20 my and may have been even higher, 
because the equipment was not suitable for precise measurements on 
single cells. After the perforation of Reissner’s membrane the potential 
jumped suddenly to a positive value of about +50 mv and remained 
absolutely constant within the whole endolymphatic space in the cochlear 
partition. During the penetration of the cells of Hensen and the cells of 
Claudius the potential was negative and of the order of —40 my. Inside 
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Fro. 14-13, Changes in the d-c potential during a downward movement of the electrode 


at two positions as shown. 


these cells there was always a small fluctuation of the potentials. After 
the basilar membrane had been perforated, the negative potential fell 
back to a value of about —2 mv and remained there during the further 
downward movement of the electrode. 

In some trials the retraction of the electrode gave exactly the same 
position-voltage pattern as during the downward movement of the 
electrode, except that the jumps in voltage on the border of the surfaces 
were less sharp. Sometimes, however, the voltage at a given place on 
the cochlear partition decreased with time and could not be brought 
back if the electrode was inserted into the cochlear partition a second 
time. The reason for these peculiar differences is that under certain 
circumstances even a very thin and elastic micropipette can produce 
great damage during penetration. This situation is illustrated in 
Fig. 14-14. On the left side of the drawing, the direction of the down- 
ward movement of the pipette is exactly parallel to the axis of the 
pipette. The damage produced in the tissue below the covering mem- 
brane, represented by a heavy horizontal line, does not exceed the 
diameter of the pipette. On the other hand, the drawing on the right 
represents a situation in which the direction of movement of the pipette 
is not parallel to the axis of the pipette. After the surface of the tissue 
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had been penetrated, there was a parallel displacement of the pipette, 
and the pipette began to bend. Then the tip of the pipette often pro- 
duced large cuts in the radial direction. The relative stiffness of surface 
and deep layers of the tissue determined the amount of damage. As 
preliminary experiments showed, in brain tissue and in the auditory 
nerve this type of damage under certain conditions can produce a con- 
siderable amount of injury. Therefore great care was taken to adjust 
the axis of the pipette exactly parallel to the axis of the slide. In order 
to check this orientation, the cross hairs of a microscope were adjusted 
to the point of the pipette, and the direction of the slide was changed 
until an up-and-down movement of the pipette showed no displacement 
of the axis of the pipette relative to the cross hairs. This happens only 


Fri. 14-14. On the left, the movement is Fra, 14-15. The voltage pattern inside 
along the axis of the electrode. On the the cochlear partition relative to the 
right, it has deviated from this axis, perilymph above Reissner's membrane. 
bending the electrode and producing 

radial cutting of the tissue. 


when the pipette is exactly straight. The pipettes have to be pulled 
mechanically. : 

The experiments showed that the more carefully the perforation of the 
cochlear partition was made, the higher were the potential differences 
obtained. The potential difference between the perilymph and the 
endolymph at the location of 15 mm was reproducible within 10 per cent, 
and the potentials inside the cells within 20 per cent. In spite of ‚this 
the potentials shown in Fig. 14-13 are not to be considered as definite 
until the role of anesthesia, oxygen supply, etc., have been investigated. 

Near the round window it was also easy to measure the potential 
difference of the endolymph relative to the perilymph of the tympanic 
scala. The endolymph had a potential of +80 mv, and the reproduci- 
bility was 5 per cent. The cells had a potential relative to the perilymph 
of —40 mv. The vascular stria inside the cochlear partition was always 
negative, but the spiral ligament did not show a potential difference 
relative to the perilymph. A sketch of the pattern of the potential 
inside the cochlear partition is given in Fig. 14-15, with the size of the 
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signs representing roughly the magnitude of the potential difference 
relative to the perilymph of the vestibular scala. 

Inside the organ of Corti there are at least three tunnels running along 
the cochlear partition. At the present time, instruments are not fine 
enough to measure the potentials inside these tunnels or inside the 
tectorial membrane. 

All the potential differences described dropped slowly during oxygen 
deprivation and after death. 

The potential difference between the endolymph and the organ of Corti 
is surprisingly high, especially near the round window. It will be 
interesting to discover to what extent the different potentials produced 
in the cochlea by a sound stimulus are basically independent phenomena 
produced by sources of energy in the cochlea, or whether the potentials 
produced by the sound stimulus are a consequence of the resting poten- 
tials. It is well known that a single nerve fiber consists of a core sur- 
rounded by an insulating layer and that across this layer there is a 
resting potential difference. Cole and Curtis showed that during stimula- 
tion there is a change in the resistance of this layer, so that the resting 
potential produces a current impulse in the fluid surrounding the nerve 
fiber. An analogous system could produce mierophonies if a resting 
potential were available and a membrane could be found that would 
change its resistance as a result of mechanical stress. This working 
hypothesis (Gatty and Rawdon-Smith; Hallpike and Rawdon-Smith) 
proved to be useful in so far as it posed the question whether there are 
resting potentials in the cochlea. The potentials are present, but the 
location of a membrane with variable insulation is still a problem. 


PATTERN OF ELECTRICAL RESISTANCE IN THE COCHLEA* 


For a thorough understanding of the cochlear mierophonies it is 
necessary to investigate the electrical geometry of the cochlea, because 
only with a knowledge of the voltage and resistance patterns is it possible 
to form an over-all pieture of the electrical situation in the cochlea. 
In the following measurements the whole cochlear partition is considered 
as a single layer. In earlier mechanical studies the partition was similarly 
considered as one membrane, and this made it possible to obtain a first 
approximation to the pattern of vibration. No doubt the voltage, 
resistance, and capacitance patterns of the whole cochlea will eventually 
be determined. When this is done we shall have, in addition to the 
well-known histological anatomy of the cochlea, a kind of anatomy 
that may be called the electroanatomy of the cochlea, The resistance 
pattern of the cochlea is important in calculating the energy dissipation 
attendant upon the microphonics. This dissipation of electrical energy 
must be considered side by side with the dissipation of mechanical energy. 
Stevens and Davis have already made an estimate of the electrical 
resistance between the two scalae of the cochlea near the round window. 


* Article 61 as listed in the Author’s Bibliography. Published in 1951. 
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Techniques for Measuring Resistance. When the resistance of a 
tissue is measured in a Wheatstone bridge, the resistance of the electrodes 
is added to the tissue resistance. "The resistance of the electrodes con- 
sists of a transmission resistance between the surface of the metal and 
the fluid plus a resistance produced by the concentration of the electrical 
flow lines in the neighborhood of the electrodes. The over-all resistance 
of the electrode can be measured with the same techniques that are used 
for measuring the grounding resistance of a lightning rod. According to 
the method of Wiechert, the ground- 
ing resistance of a lightning rod, Rz 
and R,, can be measured by intro- 
ducing an auxiliary electrode Æ (see 
Fig. 14-16). By switching the ear- 
phone P to the auxiliary electrode 
E it is possible to find on the wire 
(AB) a distance c where the tone is 
a minimum. By switching the 
earphone to Y, the tone minimum 
appears when the sliding contact is 
at a distance a from the point B. 
The drop in voltage along the dis- 
tances c, b, and a must then be 
equal to the drop in voltage along 
the resistances Ra, R,, and R. For 
the cochlea it is assumed that the 7,4. 14-16. The Wiechert a-e bridge for 
resistance of the fluid between the measuring ground resistance. 
two electrodes X and Y is so small b 
compared to the resistance of the electrodes that the position of the 
auxiliary electrode Æ has no effect upon the adjustments of the sliding 
contact. For the resistances of the electrodes we have then Rz = Re/a 
and R, = Rb/a. 

A comparison of the different types of nonpolarizable electrodes showed 
that a platinum electrode plated with platinum black gave good results. 

or measurements in the cochlea the maximum diameter of the electrode 
wire could not exceed 0.1 mm. A platinum electrode of the type described 
gave an over-all resistance of about 1000 ohms when immersed in the 
perilymph of the cochlea. This large resistance decreased the precision 
= the measurements, because the resistance to be measured was of 
about the same value. 4 : 

It is possible to eliminate the effects of electrode resistances by using 
the electrodes only for voltage measurements, for then no current flows 
through them. Therefore, as far as possible, the resistances in the 
cochlea were determined by inserting two voltage electrodes at the points 
tween which the resistance was to be measured, while at the same 
time a known eurrent was led through the field of measurement (see 
ode in a plating solution consisting of 
tate, and 30 parts water, by weight. 


i * The platinum electrode was made a cath 
a platinum chloride, 0.008 part lead ace 
€ current, density was 0.03 amp per sq em. 


Fig. 14-17). The resistance was calculated according to Ohm's law, 
The current / through the tissue was measured with a voltmeter inserted 
symmetrically relative to ground. The amplifier was a differential type 
with an attenuation of 80 db for voltages to ground. 

Measurements of the resistance of the fluid column in a tube have 
shown that the distance between the current-carrying electrode E, and 
the voltage-measuring electrode E, (as well as that between E; and Ej) 
should be at least as great as the diameter of the tube, in order that the 
flow lines between the measuring electrodes E; and E, may be parallel 
to the wall of the tube and distributed evenly through the cross 
of the tube. 

Maximum Tolerable Current. Because an electric current may change 
the properties of living tissue, it was necessary to determine the maxi- 
mum tolerable current for the tissue of the cochlea. For these measure- 
ments the voltage electrodes were connected to a harmonic analyzer. 


Fig. 14-17. Circuit for measuring tissue resistance in terms of voltage drop. 


A current of 1000 cps was introduced into the measuring path by a 
second pair of electrodes and was adjusted so that the differential voltage 
from E; to E, was about 10 av. A third pair of electrodes introduced 
the current for the breakdown tests. The frequency of this current 
differed a little from 1000 eps, and could therefore be distinguished from 
the measured voltages. With all bad contacts and all rectifier types of 
current-measuring equipment eliminated, it was first found for a wire- 
wound resistance that a breakdown current did not affect a 1000-cps. 
voitage across the path being considered. Then the same independence 
was established for a physiological solution into which all six electrodes: 
were immersed. 


tympanic seala to the indifferent electrodes. The observations then 
showed that a current flow of 1 ma from the round window to the body 
did not influence the resistance across the cochlear partition. The 
resistance between the round window and the body is about 2000 ohms. 
As the measured voltage across this resistance was 10 uv, the measuring 
current had a value of 5 X 10-* ma. We are assured therefore that the 
measuring currents used in these experiments were within physiological 
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tolerances. The mierophonie voltage between the round window and the 
body can be about 100 av, and currents of the order of 5 X 107* ma can 
occur in normal stimulation of the ear. 

In the second experiment the mierophonies were used to determine 
the maximum current tolerable without changing the normal function 
of the cochlea. The 1000-eps electric generator was turned off, and an 
air-borne tone of 1000 eps was led to the ear of the guinea pig. Miero- 
phonics of 1000 eps were observed with the harmonie analyzer, and the 
sound pressures were adjusted so as to be just detectable. These micro- 
phon.» were maintained as long as the current going through the cochlear 
partition was less than 3 ma. On the other hand, when the sound pressure 
was increased to a value beyond which the mierophonies did not increase 
further with inereasing sound pressure, then, as Fig. 14-18 shows, a 
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Fi. 14-18. Effect on the cochlear microphonies of passing direct eurrents through the 
cochlear partition in the region of the round window for a period of 10 sec. 


current of 1 ma through the cochlear partition near the round window 
decreased the microphonies by 2 or3 db. A still larger current produced 
a greater decrease, indicating that there was a breakdown in the tissue. 
Some recovery was observed, but it was usually of the order of only 6 db. 
During the measurements it was important to make sure that there was 
no fluid between the round window and the middle ear, because this 
fluid short-cireuits the current through the cochlea. 

Input Impedance of the Cochlea near the Round Window. The 
labyrinth consists of a great number of membranes and fluid-filled 
cavities, which complicates the picture of the current distribution. In 
order to make a reasonable guess about the currents in the different parts 
of the cochlea it therefore is necessary to think of many flow lines squeezed 
together here and there to form a network. The more resistances we 
use in the construction of the network, the closer it approximates the 
real situation. A i 

In drawing a in Fig. 14-19, which is a schematic representation of the 
labyrinth, we see that the vestibular organ as a whole has a certain 
resistance toward the body. The vestibular system leads to the vestibule, 
Where all the flow lines of current through the vestibular organ are 
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squeezed together. The path of these flow lines can be represented by 
the resistance R+, which for a grounded animal represents the grounding 
resistance of the whole vestibular sys- 
tem measured from the footplate of the 
stapes (point V) to the body. Each 
of the two cochlear scalae has a ground- 
ing resistance also. In the guinea pig, 
the top part of the cochlea stands free 
in the air of the bulla, and we are 
probably safe in assuming that the 
grounding resistances A7; and R: are 
attached closely to the round window 
and the stapes, respectively. In the 
equivalent electrical circuit (drawing b 
of Fig. 14-19) the two parallel resist- 
ances Rə and R; are replaced by the 
resistance R. The resistance r in draw- 
ing b represents the resistance of the 
cochlear partition measured between 
points V and W. 

After the various resistances have 
been determined to some degree it is 
possible to measure them. In the 
equivalent circuit for the vestibular sys- 
tem it is possible to measure three 
Fic. 14-19. Schematic drawing of the Tesistance ratios and three combined 
inper ean, bowing, thoir asien resistanees. In order to measure the 
etween it an e of the i i 
animal, Resistance r is that be- te cS Ban u holes "m 
tween, poll: asd IF. ed in the cochlea, one near the 

footplate of the stapes and the other 
near the round window, and electrodes were inserted into them. 
These two electrodes were connected to the ends of a potentiometer. 


Fra. 14-20. Cireuit for measuring the resistance ratio R/Rı. 


The sliding contact on the potentiometer was connected to one pole 
of the differential amplifier, as shown in Fig. 14-20. The other pole 
of the amplifier was connected to the indifferent electrode on the 
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animal. By using two other electrodes to introduce a voltage between 
the stapes and the round window, it was possible to find, with a sliding 
contact, a point on the potentiometer where no voltage was produced 
relative to the indifferent electrode. The ratio between the two arms of 
the potentiometer gave the ratio R/R,. It was also possible to deter- 
mine the ratios R/r and Rı/r. 

If Ry is the measured resistance between the stapes and the indifferent 
electrode, ro the measured resistance between the stapes and the round 


window, and Ry the measured resistance between the round window 
and the indifferent electrode, then the resistances that constitute the 
electrical counterpart are 


R 


R/r 
n (1 im + x) 


1 
ird a (1 + R/r + a) 


Rı/r 
Rı Rw (1 sis D) 


So that these measurements could be made quickly and easily, three 
measuring electrodes and the three electrodes conducting the current 
were led to a combined switeh. For the three unknown resistances there 
were six measurements, which provided a check on the precision of the 
measurements. The electrodes were made of Taylor wire with a diameter 
of 0.01 mm; the length of the free (uninsulated) end of the wire was 
0.2 mm. The diameter of the holes in the bony walls of the cochlea 
was adjusted so that the electrodes fitted snugly. Sometimes the ear- 
drum was removed. "This made it possible to see any accumulation of 
fluid between the stapes and the round window. The footplate has an 
elliptical shape, and near one of its sharp ends the wall of the vestibule 
around the footplate is thin and contains no blood vessels. It was easy 
to drill a hole in the vestibule there and to insert the electrodes. It was 
more difficult to drill a hole in the tympanic scala near the round window. 
It was always necessary to use special illumination and a magnification 
of at least seventy times to find a place in the bony wall free of blood 
vessels, 

The distance between the electrodes carrying the current and the 
voltage electrodes was about 0.2 mm. To be sure that the distribution 
of the flow lines did not affect the measurements too greatly, the current- 
carrying electrodes were sometimes interchanged with the voltage- 
Measuring electrodes. This procedure made a change of about 5 per 
cent in the measured resistance. A A 

For the cochlea of the lightly anesthetized guinea pig the follow- 
ing values were obtained, representing the means of measurements 
on six animals, i.e., twelve ears: r = 2250 ohms, R = 3700 ohms, and 
Rı = 8500 ohms. 

The value of r was highly stable and showed a range of only about 
+10 per cent for the different animals. R and Rı varied about twice 
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as much. It was obvious that when the operation was not meticulously 
clean the value of the resistance went down. If the current-carrying 
electrodes were too close to the voltage electrodes, the measured resistance 
went up. The impedances measured with 1000 cps did not show a 
capacitative component. This means that the impedances were deter- 
mined primarily by the resistances of the fluid column and the resistances 
of the supporting cells. The active separating membranes did not 
play a role, and even the death of the animal did not seriously alter the 
value of the measured resistances. To determine the influence of the 
size of the cochlea on the value of the resistances, the same measurements 
were made on the ear of a sheep with the following results: r = 1800 
ohms, R = 2200 ohms, and Rı = 3600 ohms. These measurements 
were made half an hour after the sheep was killed. Because no essential 
changes occurred during the death of the guinea pig, it is probable that 
these values are not far from those in a living animal. 

To measure Rs alone, the cochlea of the guinea pig was extirpated. 
It was found that R, was at least three or four times larger than A». 
These measurements were not very precise because it was difficult to 
keep the injured parts of the cochlea dry and to prevent bleeding. 

It is of special interest to know the anatomical location of the grounding 
resistance between the cochlear scalae and the body. When the voltage 
difference in the microphonics between the round window and an indif- 
ferent electrode was measured it was found that these voltages decreased 
rapidly as the electrode was moved away from the round window along 
the surface of the free-standing cochlea. This fact seems to indicate 
that the bony wall of the cochlea is a good insulator. As a further test, 
resistances A, r, and Rı were first measured in the normal guinea pig. 
Then all the free part of the cochlea was surrounded by cotton saturated 
with physiologieal solution, but eare was taken to keep the surface 
near the round window dry. The wet cotton pack was directly con- 
nected with the indifferent electrode. This treatment produced no 
change in the values of resistances R, r, and Ry. Therefore, as the 
grounding resistances are not located in the bony wall, they must lie 
in the internal part of the cochlea. 

It can be assumed that resistances A; and Rs depend upon the nerve 
tracts and blood vessels going into the modiolus. Accordingly, resist- 
ance Rs is determined by the resistance of the nerve tracts and blood 
vessels going from the vestibular system to the brain. This assumption 
was proved by sucking away part of the brain close to the internal audi- 
tory meatus while keeping the surfaces dry, whereupon resistances Rı 
and R showed a definite increase. Furthermore, the whole bulla of the 
guinea pig was removed from the skull, and the surface was cleaned. 
Then when two indifferent electrodes, one for the current conduction 
and the other for the voltage measurement, were introduced into the 
acoustic nerve the three resistances R, r, and R, remained the same as 
for the cochlea in situ. Therefore the main grounding pathway of the 
cochlea is through the acoustic nerve to the brain. à 

The grounding through the acoustie nerve represents a continuous 
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grounding all along the cochlear partition because of the blood vessels 
and nerves entering the partition from within the modiolus. Con- 
sequently there must exist considerable eross conduction between the 
different turns of the cochlea. In order to estimate the size of the ground- 
ing resistanees within the cochlea, all the fluid of the cochlea was sucked 
away, the tip of the modiolus was opened, and a current-conducting 
and a voltage-measuring electrode were introduced into the opening. 
The resistance between the tip of the modiolus and the indifferent elec- 
trode was about 10,000 ohms. This value represents primarily the 
resistance of the nerve pathways and the blood vessels in the middle of 
the modiolus. As a next step, at a place about 8 mm away from the 
beginning of the basilar membrane, à hole was made through the wall 
of the vestibular seala to the modiolus, and the electrodes were intro- 
duced. The resistance from this point to the indifferent electrodes was 
4200 ohms. The corresponding resistance for a length of the basilar 
membrane of 2 mm was 1300 ohms. The resistance fell to 150 ohms 
when the electrodes were placed in the internal meatus. This decrease 
in resistance is again a proof that the grounding resistances of the cochlea 
are along the pathway of the auditory nerve to the brain. In the meas- 
urement of the ratio of the two grounding resistances of the scala it 
was found that R/Rı = 0.43 when an external generator was used to 
introduce the voltages at the stapes and the round window. If an 
external generator was not used, air-borne sounds were introduced into 
the cochlea, and its mierophonie voltages were used for the measurement 
of the resistances. Then it was found that the ratio V;/Vi was about 
0.12, where V, represents the voltage between the vestibular seala and 
the indifferent electrode and V; the voltage between the tympanic scala 
and the indifferent electrode. These two results seem to indicate that 
the cochlear duet with the endolymph, the cells of the organ of Corti, 
and the blood supply situated in the vestibular scala represent the main 
pathway for the current flow lines from the cochlea to the body of the 
guinea pig. 

Voltage Attenuation along the Cochlear Partition. Let us assume 
that a voltage across the cochlear partition is produced at a place on the 
basilar membrane 1 mm from the round window, perhaps by micro- 
phonics. The question is how much this voltage is attenuated when it 
reaches the round window. It is of further interest to construct an 
electrical model for this voltage transmission. Two extreme situations 
are conceivable. It can be assumed that in the tightly coiled spirals 
of the cochlea the electrical insulation of the cochlear partition is very 
low, and that the whole inside of the cochlea is a homogeneously conduct- 
ing body like a drop of fluid. Or it can be assumed that the cochlear 
partition insulates so well that the cochlea can be considered as a tube 
filled with fluid and separated into two canals by the cochlear partition. 
The electrical analog is a conducting cable. The problem is to determine 
which situation the cochlea more nearly resembles. 

To obtain an estimate of the voltage drop in a homogeneous body, a 
metal trough about 2 em deep was filled with physiological solution. 
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Needles plated with platinum black were immersed in this layer of 
fluid until the points touched the bottom of the trough. As the insert 
in Fig. 14-21 shows, the distance between the two electrodes of the 
generator was 2d. The generator voltage was symmetrical with respect — 
to the ground, so that there was an indifferent point halfway between 
the two generator electrodes. The voltage was measured between & 
movable electrode m and the indifferent electrode. If the angle in 
Fig. 14-21 was equal to zero, the voltage decrease was almost inversely 
proportional to the distance R. If, from the edge of the trough, a vertieal 
insulating wall was moved toward the measuring electrode m, the voltage 
decrease with increasing distance was reduced as shown by the flattening 
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Fro. 14-21. Voltage drop jn a homogeneous layer close to a dipole consisting of two 
parallel wires immersed in a shallow trough of water in a vertical position. The 
separation of the wires is 2d. R is the distance between the two pickup electrodes 
connected to the amplifier. 


out of the lower end of the curve in Fig. 14-21. If R/d > 3, the same 
voltage was obtained for all angles $, so that for larger distances all the 
voltages approached zero (Attwood). 

If a generator was connected to two parallel plates instead of to two 
needles, the voltage drop with increasing distance close to the electrode: 
was relatively small, as shown in Fig. 41-22. For greater distances the 
voltage drop was again inversely proportional to the increase in distance. 

For the dipole made from the parallel plates the voltage was greatest | 
when ¢ = 0 and was 0 when ¢ = r/2. For a position of the measuring 
electrode m such that R/d = 10, the relative values of the voltage are 
given in Table 14-1. % 


TABLE 14-1 


a 45° 
err È ; . 0.71 


60* 
0.50 


75^ 
0.26 
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From these measurements it can be seen that, if two electrodes, 
insulated everywhere except at the tip, are introduced into a practically 
homogeneous medium, and if a voltage is impressed upon them so that 
a dipole results, then the voltage difference between two fixed measuring 
electrodes decreases as the distance is increased. For a given separation 
of the two measuring electrodes, this decrease with distance is much 
greater close to the dipole than farther away. Therefore the attenuation 
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Fro. 14-22, Voltage drop in a homogeneous layer close to a dipole consisting of two 
parallel plates immersed in a shallow trough of water in a vertical position. The 
separation of the plates is 2d. 
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Fra. 14-23. Model for measuring the maximum voltage attenuation in a tube of 
conducting liquid. 


of the voltage for a given separation depends upon the distance of the 
electrodes from the dipole. £ 

In Fig. 14-23 the second extreme case is represented. The generator 
voltage is introduced at the left end of an insulated tube filled with fluid. 
On the right end are the measuring electrodes, in an insulated. piston 
fitting inside the tube. If the cochlear partition is assumed to lie hori- 
zontally, as shown by the dotted lines of this figure, and if this cochlear 
Partition has extremely high insulation, then as the length of the tube is 
increased there will be no appreciable drop in the voltage transmitted 
from the generator to the measuring electrodes. If the insulation is less, 
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however, the voltage will decrease with increasing length of the tube, 
Of special interest is the maximum attenuation that can be achieved 
when the cochlear partition provides no insulation, so that from the 
electrical point of view it simply does not exist. 

Because it is difficult to construct a model with the same dimensions 
as the cochlea of a guinea pig, a large model was built, and the values 
for the normal size were calculated from the data obtained with the 
larger model. The approach of dimensional analysis was used for this 
calculation. If V, is the voltage of the generator, V: the voltage between 
the measuring electrodes, ø the conductivity of the fluid in the tube, r’ 
the radius of the tube, and /' the length of the fluid column, we can say 
that the attenuation V;/V; is a function of these three factors, or 
V/V: = f(eo,l,r). Since the ratio of the two voltages is dimensionless, 
f also must be dimensionless and therefore can play no role, and only 
the ratio /'/r' can appear. That is, V/V: = f(l'/r’). It is therefore 
possible to use measurements on a large tube to evaluate the effect in a 
small tube. 

The measurements were made with a tube with a radius 7' = 5 mm. 
Consequently the voltage dropped sharply in the space I’ < 0.5r’, but 
for greater lengths the voltage drop in decibels for a length A/' was given 
by the relation 18 A/'/7 db. The radius of the two scalae together 
near the helicotrema is about 0.3 mm in the ear of the guinea pig, and 
therefore, if the cochlear partition provides no insulation, the attenuation 
along it can be 60 db per mm of length of the cochlea. 

In the extreme ease of a conducting cable the change in attenuation 
caused by the separation of the measuring electrodes is independent of 
their distance from the generator. Therefore, we now have a method for 
determining whether the double channel of the cochlea behaves like a 
tube with an insulating septum or whether the insulation of the cochlear 
partition is so poor that from an electrical point of view the cochlea can 
be considered a homogeneous fluid. 

In order to find out how the cochlea itself behaves, a series of equally 
spaced holes was drilled in the wall of the tympanic scala. They were 
numbered 1, 2, 3, 4, ete., beginning at the round window. A similar 
series of holes was drilled in the vestibular scala, so that opposite each 
hole in the tympanic scala there was a corresponding hole in the vestibular 
scala. The voltage drop was recorded across the two measuring elec- 
trodes when they were moved from the No. 1 holes to the No. 2 holes. 
This voltage drop in decibels was found to be exactly the same wheth 
the generator electrodes were inserted in the No. 3 holes or in the No. 
holes. Therefore the cochlear canal behaves electrically, at least near 
the round window, exactly like a transmission line. 
I These measurements require meticulously clean surgical work, for 
if the surface of the cochlea is covered with mucus or fluid, the cross 
conduction from one electrode to the other depends on the position 
the generator electrodes. An accumulation of fluid near the cochle 
leads directly to the opposite extreme case, i.e., zero insulation betw 
the two scalae. Dental cement was not used because the cement nevi 
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adheres completely to the mucous layer covering the bony wall, and an 
accumulation of fluid under the cement can occur without being apparent. 
The best solution from the electrical point of view was to have the elec- 
trode wires standing free in the holes. For a distance 9 mm from the 
round window it was possible to show in precise measurements a trans- 


mission-ine type of attenuation along the cochlear partition. Close 
to the helicotrema the distances between the electrodes were so small 
that, because of capillary aetion, there was always some fluid in the 
space between the electrodes. It was possible to eliminate this difficulty 
to some degree by coating the glass surface of the electrode with a thin 


layer of paraffin, which repels water and perilymph. Then by a proper 
positioning of the electrodes it was possible to force the perilymph back 


into the cochlea. The spiral ligament was always pierced so that the 
tip of the electrode was in the center of the tympanic or vestibular seala. 
The attenuation measurements were made with 100-eps currents, but 


no differences were found between 100 and 2000 cps. It was not possible 
to show with certainty a phase angle for the transmission of the voltages. 
In addition to the measurements of attenuation between the different 
pairs of holes, their relative distances along the basilar membrane had 
to be determined. From earlier measurements (page 504), the points 
along the basilar membrane showing maximal displacement in the cross 
section of the cochlear partition during the vibration of the stapes had 
been plotted. Figure 12-21 shows the projection of this curve on a 
plane at right angles to the axis of the modiolus for the guinea pig. On 
the left side is the bony wall that connects the tip of the cochlea to the 
wall of the bulla. After the electrical measurements were finished the 
bulla was taken out, and the axis of the cochlea was pulled into a vertical 
position, Across the field of the ocular of the microscope there was a 
line with a small circle in the center. This circle was centered on the 
apex of the cochlea, and the line was adjusted to coincide with the 
middle of the bony wall supporting the cochlea (the dot-dashed line in 
the figure). In this way the angle ¢ between the pairs of holes and the 
bony wall supporting the cochlea could be measured. If imaginary 
radii were drawn through the holes, the intersection of these radii with 
the basilar membrane showed the point on the membrane to which each 
hole referred. - 
For the measurements of the attenuation along the cochlear partition 
a generator voltage was put into one of a pair of holes at a distance 
l mm from the beginning of the basilar membrane. Let us call the 
voltage for this position of the measuring electrodes Vi, and let us 
call the measured voltage Vo. if the measuring electrodes were put 
in a pair of holes at a distance from the beginning of the basilar mem- 
brane != 0.5 mm. In Fig. 14-24 the ratio of V/V: in decibels is 
given for different distances l along the basilar membrane. Attenuation 
along the cochlear partition did not show any remarkable change when 
the generator voltage was introduced in the No. 1 holes near the round 
Window, and the attenuation values were measured in the holes toward 


the helicotrema. 
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Near the round window the cochlear partition has, in spite of the high 
attenuation, an appreciable insulation. For instance, at a distance 
| = 5 mm along the basilar membrane, the radius of the cochlear tube 
(tympanic scala and vestibular scala) is about 0.6 mm. The maximum 
attenuation could, therefore, be 18 db at a distance 0.5 mm along the 

basilar membrane if the cochlear 


90 partition had no insulation. The 
measured attenuation had a value of 

80 about 3 db. 
a Electrical Impedance of the Coch- 
lear Tube. It was shown in the pre- 
60 vious section that near the windows 
2 the cochlear tube (7.e., the two scalae 
<50 with the partition between them) can 
5 be considered as a transmission line, 
540 and the attenuation per millimeter of 
< length of this transmission line can be 
30 measured. Therefore it should be 
possible to represent this electric 
2 transmission line by a resistance net- 
dd work. In Fig. 14-25a, for an element 
of length AL of the cochlear tube, 
o the principal directions of current flow 
0 5 10 and the resistances in these directions 


Dist i i 
“STANCE mo are shown. "This drawing bears some 


n M nS ane resemblance to the electrical model 
function of distance ale the RT of the mechanical properties of ie 
measured from a point 0.5 mm from cochlea (Peterson and Bogert). For 
the basal end of the basilar membrane, the elementary length of the cochlear 
: tube AL, ps and p; represent the 
longitudinal resistances of the vestibular scala and the tympanic scala, 
respectively. The transverse resistance of the cochlear partition is 
represented by ro, the resistances r, and r; are the grounding resistances 
of the two Scalae, and p; represents the resistance of the grounding path- 
way, that is, the internal resistance of the nerve and blood vessels in the 
modiolus, In addition to these resistances, we must assume that every 
section AL has resistances Q,, Qs, etc., which lead from one section to 
another, because there is no complete insulation between the different 
parts of the cochlear winding. According to the theory of transmission 
lines the complicated resistance network of Fig. 14-25a can be represent 
by the simple circuit of Fig. 14-25b. As indicated for a given length 
AL of the basilar membrane, the attenuation ratio of the transverse 
voltages K = V/V, ean be measured. Furthermore it is possible to 
determine the longitudinal resistances p of the cochlear tube, but it 
seems to be very difficult to measure the insulation (shunt) resistance ^ 
of the cochlear partition, because in such a measurement the current flow 
lines must be perpendicular to the cochlear partition, which is difficult 
to achieve with measuring electrodes having a small point. An important 
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electrical value of the cochlear tube is the characteristic impedance Z of 
the transmission line because it represents the loading resistance aeross 
the cochlear partition. It is well known that for a transmission line 


Vestibulor 
scala 


| 
| 
| 
| 


Tympanic 
scala (a) (4) 


Fig. 14-25. (a) A schematic drawing of the resistances in a section of length L of 
the cochlear duct and (b) its electrical equivalent. 


Ground 


of the form represented in Fig. 14-255 we have (from Markus and Vin 
Zeluff) 


— Tes D (14-2) 
we ESI (14-3) 


According to this formula the characteristic impedance Z depends 
upon the length AL of the section considered. The cochlea represents a 
completely continuous line, and therefore it seems to be reasonable to 
make the sections as small as possible. For the attenuation in nepers 
(1 neper = 8.7 db) we have 


Vi - n n? — 
Kim ome ip Ath pote | Wi 
which for small n converges toward 1 + n. If D represents the attenua- 
tion for an element of length AL of the cochlear partition measured in 
decibels, then for a section on the cochlear partition with a length L, 
K —1-- 1/87 X DL. If we consider the longitudinal resistance per 
unit of length of the cochlear partition, € = p/AL. If this value is 
introduced into Eq. (14-3), we have for the impedance of the homogeneous 
transmission line (as AL approaches zero) Zo = 8.72/D. The longitudinal 
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resistance p increases in proportion to the length of the section considered. 
In the same way the conductance across the cochlear partition increases | 
in proportion to the length of the section. We have therefore a value 
that is independent of the length of the section by introducing the ratio 


Longitudinal resistance — 0 TEM 
Conductance (1/r) i 
From Eqs. (14-2) and (14-3) we can write for a homogeneous trans- 
mission line 
K p/K + 1N\: 
tery Ade oS d PESE. 
icu c ro MEE n E - 3 


Replacing K by 1 + and letting, as a limit, n approach 0 (for we have 
an infinitesimally short section), we obtain Zo? = p,/K = p, (as K is 
here equal to 1). 


Fra. 14-26. Bridge for separate measurement of the longitudinal resistances of the 
tympanic and vestibular scalae. 


To determine the impedance the next step was to measure the longi 
tudinal resistance of a length A/ of the cochlear partition. In the seh 
matic network represented in Fig. 14-255, p is the sum of the longitudi 
resistances in the vestibular scala and the tympanic scala (ps and pı 


possible to prevent a flow of current through the cochlear partitio 
during the measurements, which can be achieved in some degree b, 
placing the cochlear partition in the middle of a Wheatstone bri 
The wiring diagram for this sort of measurement is shown in Fig. 1 
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Five pairs of electrodes were introduced along the cochlear partition, 
and the resistances R, r, R', and r' were adjusted so that the electrode 
pairs No. 2 and No. 4 showed no voltage difference. Therefore, at the 
locus of electrodes No. 2 and No. 4 there was no current going through 
the partition. If p; and p» are the longitudinal resistances of the two 
scalae, we have for the two currents in the longitudinal direction of the 
two scalae the relation pi/p»s = Is/I;. The current ratio /ı/Iz was 


found by having two small equal resistances AK, inserted in the circuit 
and measuring across them the voltages V; and V2. 
If the two longitudinal resistances p; and p» are put in parallel, we 


get the resistance Ran which can also be measured as Ra; = pıpa/(pı + p2). 
Hence p = pi + pa = Rai(pi/p2 + p2/p1 + 2). For the measurement 
of Ra as shown in Fig. 14-26, the electrodes of pair No. 2 were con- 
nected together, as were those of pair No. 4. After this the voltage 
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Loop resistance, ohms -10*3 
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Distance along basilar membrane, mm 


Fra. 14-27. Loop resistance of the cochlea as a function of distance along the basilar 
membrane, 


o2 


difference between electrode pair No. 2 and electrode pair No. 4 was 
measured at the same time with the whole current 7 going through the 
bridge. Ohm's law gives the resistance Ra. This is a potentiometric 
measurement, and the resistance of the electrodes plays no role. Close 
to the round window the longitudinal resistance of the vestibular scala 
pz is in general 1.5 to 2.5 times larger than pı. The reason for this is 
that near the round window the cochlear tube is wound almost completely 
around the edge of the round window. This sharp turn increases the 
length of the vestibular seala and decreases the length of the tympanic 
scala, About halfway between the window and the helicotrema this 
ratio is reversed, because the tympanic seala has a smaller cross section 
than the vestibular scala. ‘These large variations in the value of p made 
it necessary always to make the measurements for small sections and 
then to add them together. The No. 3 holes were used for this purpose. 

In Fig. 14-27 the sum of the two longitudinal resistances is given for 
different distances along the basilar membrane. Disregarding some 
small irregularities at the beginning of the basilar membrane, the longi- 
tudinal resistance increases from the window almost proportionally with 
the length to a distance of about 13 mm. Close to the helicotrema we 
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are really measuring only the longitudinal resistance of the tympanie 
scala, because the vestibular scala shrinks to a small round globule. 

From the attenuation curve of Fig. 14-24 and the longitudinal resistance | 
curve of Fig. 14-27 the impedance of the cochlear tube can be calculated — 
for different places. In general the impedance was determined by 
measuring simultaneously the attenuation for two given electrode pairs 
and the corresponding longitudinal resistances. The values for the 
impedance for different lengths of the basilar membrane are shown in 
Fig. 14-28. 

The above considerations are valid for a voltage attenuation across 
the cochlear partition. From Fig. 14-25 we can see that the ground. 
acts like the sliding contact of a potentiometer between the two scalae. 
Therefore we expect that a voltage between one of the scalae and the 
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Fra. 14-28. "Transmission impedance of the cochlear duct as a function of distance along. 
the basilar membrane, measured from the round window. ‘The crosshatching indi- 
cates the variability of a group of twenty guinea pigs. 


ground is attenuated along the cochlear partition in about the same ¥ 
as the voltages across the cochlear partition. This can be proved exper 
mentally to some degree if the necessary precautions are taken and 1 
the ground capacitance of the generator is small. 1 
Af in one of the scalae a voltage is introduced in the longitudi 
direction, for instanee by putting two eleetrodes in the vestibular se 
about 0.2 mm apart from each other, then a local current loop is ini 
duced. This produces a voltage difference across the cochlear partiti 
> is attenuated along the partition in the same way as that deseri 
above. 
It is of interest to determine whether the longitudinal resistances 
and p; in Fig. 14-25a are the resistances of the perilymph columns in tl 
scalae or whether other factors are involved. From Fig. 14-27 we ca 
see that the loop resistance from the stapedial footplate to the helicotrel 
to the round window has a value of about 30,000 ohms. We are able! 
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calculate the resistance of the perilymph column from the cross-sectional 
areas of the two cochlear scalae. 
The electrical resistance of a fluid column is calculated by the formula 


where cy: represents the electrical conductivity of the perilymph and / 
the length of the tube with a cross-sectional area of s. The value of 
l/s was determined from microscopic cross sections of the cochlea of 
the guinea pig. From the map of the cochlea shown in Fig. 12-21 the 
positions of the microscopic cross sections were determined, as were the 
lengths of the different sections with given cross-sectional areas s. For 
the whole length of the two scalae we obtain 


Vestibular scala = pe = 0.7 X 10? cm~! 
Tympanie scala = ye = 1.1 X 10° om”! 


To measure the eleetrieal eonduetivity of the perilymph, two little 
holes were drilled. in the cochlea, one near the footplate of the stapes 
and the other near the round window. A thin glass tube was inserted 
into the opening near the round window, and with a micrometric syringe 
à drop of perilymph was withdrawn into a glass capillary tube with 
uniform cross section. This capillary tube was placed horizontally and 
kept at a constant temperature of 37°C. An electrode made of Taylor 
wire was inserted into each end of the tube. The change in resistance 
was measured as the two electrodes were brought closer together. The 
radius of the capillary was 0.47 mm, and the resistance of the fluid column 
was 725 ohms per mm. Therefore the conductivity of the perilymph 
at 37°C is c; = 2 X 10-? mho per em. 

It was possible to suck out only one drop of fluid from the cochlea, and 
the handling of this drop was sometimes difficult. It was important to 
have the capillary in a humidity chamber with a physiological solution 
as the humidifier so that the perilymph did not evaporate and ehange its 
conductivity. The vapor tension of the perilymph and the physiological 
solution is not the same, which made it necessary to carry out the meas- 
urements as quickly as possible. It was sometimes startling to see that 
when the electrodes were inserted into the ends of the capillary tube, the 
drop of perilymph simply disappeared from the tube. The reason for 
this was that the insertion of the electrode reduced the cross-sectional 
area of the tube at that point, and the capillary forces sucked the drop 
from the tube. This difficulty could be overcome by putting a thin 
coat of paraffin on the electrodes so that the insertion of the electrodes 
forced the perilymph into the tube. E 

From the values obtained it was possible to calculate the loop resist- 


ances of the two scalae. For the perilymph a value of about 110,000 
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ohms was obtained, which is four times larger than the measured loop 
resistances. This discrepancy can be explained by assuming that the 
cochlear partition is filled with a fluid with better electrical conductivity 
than the perilymph, but the main explanation is that the grounding 
resistances po in Fig. 14-25 play an important part as well as does the 
conductivity between different sections of the cochlea. These conditions 
greatly reduce the longitudinal resistance of the cochlear tube. 

The closer we come to the helicotrema, the smaller are the insulations 
between the different turns, and near the helicotrema we can no longer 
consider the cochlear tube as a transmission line. In the last turn one 
scala becomes a globule. Therefore, in this part of the cochlea the 
attenuation of voltages is the same as in a drop of fluid. 


MICROPHONICS PRODUCED BY TOUCHING THE COCHLEAR 
PARTITION WITH A VIBRATING ELECTRODE* 


Earlier studies showed that a sinusoidal vibration or a sudden displace- 
ment of the stapedial footplate produces a spatially damped wave that 
travels along the cochlear partition toward the helicotrema. This vibra- 
tory pattern is highly complicated, and its investigation is made particu- 
larly diffieult by the fact that some parts of the cochlear partition are 
moving upward while other parts are moving downward. Most measure- 
ments of potential in the cochlea represent an integration of voltages 
produced along a length of the cochlear partition, and are difficult to 
interpret. 

A reasonable solution seemed to be to touch one point on the cochlear 
partition with a sharp vibrating needle so that only a small section would 
be set in motion, with all its parts in phase. As will be seen, this approach 
has both pitfalls and successes. 

Uncertainty of Physical and Physiological Observations. As every 
physicist knows, an ammeter inserted into an electric cireuit alters the 
current distribution. The introduction of the measuring equipment 
produces uncertainty. Sometimes this uncertainty can be eliminated 
by further measurements, as by a consideration of the impedances of the 
electrical network and the ammeter when only the magnitude of the 
effect has been influenced by the measuring device. With neurophysio- 
logical systems matters are usually more complex, Such systems are 
often stimulated in several different ways. If one path is blocked, 
another may take its place. Thus we may seem to have a completely 
normal function, though the measuring equipment may have brought 
about a change not only in the magnitude but even in the pathway of the 
neural action. Because the usual pathway has been blocked, abnormal 
conditions have been produced. For example, muscle fibers ordinarily 
are excited in a random fashion. But if a musele contraction is elicited 
by an electric shock applied to a motor nerve, all the individual muscle 
fibers contract instantly and at the same time. Such a contraction does 
not ordinarily occur in a living animal. 


* Article 60 as listed in the Author's Bibliography. Published in 1951. 
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In the following ‘experiments the intention was to keep all the stimula- 
tions of normal type and magnitude. In an attempt to define the type of 
stimulation to be considered normal, a study was made of the blood 
supply in the capillaries of theear. When the bulla is opened the internal 
surfaces are seen to be pale pink in color. Under a stereoscopic micro- 
scope with a magnification of 150 times, the red blood corpuscles may be 
seen in the capillaries, and their velocity of movement provides a measure 
of the blood supply. If the surface of the cochlea is touched with a hair, 
there is a sudden change in the pattern of the blood supply, even in areas 
far removed from the point of the pressure. The diameter of some of the 
capillaries is inereased two or three times, while in other capillaries all 
movement of the corpuscles suddenly ceases. 

After study had established the normal pattern of movement in the 
capillaries, preliminary experiments were carried out to determine how 
best to maintain normal physiological conditions during an operation. 
It was clear that the environs of the animal must be kept at normal body 
temperature. To do so, all the instruments and the microscope were 
mounted on a steel leveling plate as shown in Fig. 14-29. The tempera- 
ture of this plate was kept 0.5°C above the body temperature of the animal 
to prevent moisture from the saturated air of the middle ear and the 
wound from condensing on the instruments and microscope lenses. All 
the surgical instruments were kept on the heated plate so that they would 
be at body temperature when they were used. The cochlea of the guinea 
pig is so small that even a thin metallic needle can cool it. Fortunately 
the blood supply to the inside of the cochlea comes from the brain, and 
the streaming velocity of the corpuscles remains normal longer in the 
capillaries inside the osseous spiral lamina than on the surface of the 
cochlea, 

Numerical data are available on the normal range of displacement and 
vibration of the cochlear partition relative to the cochlear wall. Earlier 
measurements (page 173) made on the human ear showed that for sound 
pressures in the external auditory meatus close to the threshold of feeling 
the vibratory amplitude of the cochlear partition is of the order of 107* cm 
in the frequency range between 500 and 3000 cps. A contact with the 
cochlear partition that produces a displacement of this order of magnitude 
is tolerated just like a normal acoustic stimulus. Experience has shown 
that a displacement as much as three to five times greater than this does 
not produce any lasting changes in the cochlear partition when the dis- 
placement is made slowly, over a span of 0.1 sec. 

These values set the requirements for the micromanipulators and for 
the vibrations between the instruments and the cochlear partition. It is 
obvious that the whole operating table had to be shock-mounted to 
reduce vibrations from the floor. The microphonics seem to be fairly 
insensitive to anesthesia as long as the local blood supply is not 
altered. 

Vibrating Electrode. In order to set a single point on the cochlear parti- 
tion into vibration and at the same time to record the generated micro- 
phonics with maximum sensitivity, the vibrating needle was combined 
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with an electrode. This simplified the measuring procedures, because 
only one needle had to be introduced into the cochlea. 

Confining the measurements on the cochlear partition to a small section 
has the advantage that, if by accident the cochlear partition is destroyed 
by the vibrating electrode, it is only necessary to move it to a new loca- 
tion, and the making of a completely new preparation is not required. 


" pe NU ER 
Fic, 14-29. Equipment for measuring cochlear microphonics 


Unfortunately the maximum tolerable vibration of the instrument is 
so small that it was necessary to have a highly stable and complicated 
set of adjustments, as shown in Fig. 14-29, 

In the preliminary trials the basilar membrane was touched with à 
simple electrode with the aid of a micromanipulator. It was possible to 
observe the microphonics produced by moving the electrode in any of 
three orthogonal directions: radially (across the partition) longitudinally 
(along the length of the partition), and vertically (up and down relative 
to the partition). The micromanipulator, shown in Fig. 14-30, con 
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sisted of the needle N, the body B, and the handle H, fixed on the objec- 
tive of the microscope. The tip of the needle is in the middle of the field 
of view and can be seen clearly. The screw S makes it possible to put the 
manipulator into position with one twist. The movements of the handle 
H were transmitted to the electrode end in a ratio of about 1:100. 

The magnification of the microscope was 150 times. The cochlear 
partition was usually covered with perilymph, and the depth of the fluid 
sometimes varied a great deal. It therefore was necessary to equip the 


Fra, 14-30. Method of mounting the micromanipulator. 


objective with two screws, 51 and S», so that the two stereoscopic images 
could always be combined. The screw Sz adjusted the distance of the 
microscopic image from the eye. If the distance of the image was the 
same as that of the preparation, working under the microscope was made 
considerably easier. Sometimes it was even possible to use the instru- 
ments freehand and to bring them into the field of view with a high 
degree of accuracy. 

For coarse horizontal adjustments the microscope was mounted, as 
shown in Fig. 14-29, on a precisely ground horizontal steel plate that 
could slide smoothly on the leveling plate. A layer of grease between 
the two plates provided enough adhesion to keep the microscope in place. 
The compound eross slide of a watchmaker’s lathe provided the small 
horizontal movements of the operating table. The usual coarse vertical 
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adjustment on the microscope is very tiring to the hands, because the 
small depth of focus makes it necessary to move the microscope up and 
down constantly. On the other hand, if these adjustments are not made 
precisely, it is very tiring to the eyes. Therefore the knob was equipped 
with a lever about 30 em long, as shown in Fig. 14-29 and described on 
page 36. "This improvement reduced the operating time appreciably. 
The construction of the vibrating electrode is shown in Fig. 14-31. It 
consisted of a slide S that was fitted on the objective of the microscope in 
such a way that the tip of the electrode could be seen sharply in the middle 
of the field of view. A well-insulated electrode E was located in a tube T. 


Fra. 14-31. Holder for vibrating electrode. 


A wire was connected to the indifferent electrode. Three magnetic driv- 
ing units were fixed in such a position that tube T could be moved in the 
three directions of the coordinate system. With sinusoidal currents it 
was possible to vibrate the point of the needle in any direction by intro- 
ducing a phase difference between the different vibrating systems. It 
was even possible to make the tip of the electrode rotate in a cirele. 

Stroboscopic illumination showed, under the microscope, that the 
vibrations of the tip of the electrode corresponded in values and diree- 
tions to those for which the apparatus was set. 

Artifacts. The vibrating electrode proved to be a powerful tool for 
determining what types of living tissue are 'apable of producing micro- 
phonies. If the surface of a physiological solution was touched with the 
vibrating electrode and an indifferent electrode was measured, voltages of & 
few microvolts could be detected. If blood serum was collected in a cavity 
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in the living animal and the electrode was placed in this pool, the resulting 
voltages between this electrode and the indifferent electrode were very 
small. The surface of a freshly cut muscle also gave only a few micro- 
volts. Even the surface of the auditory nerve and various parts of the 
brain did not produce large voltages. But if the wall of the cochlea was 
opened and contact was made with the perilymph-air boundary, voltages 
between this point and an indifferent electrode often gave values as great 
as 100 to 300 av. It was not an easy task to discover whether this voltage 
was produced on the surface of the perilymph or whether it was produced 
by microphonies resulting from the transmission of the surface move- 
ments to the cochlear partition. 

Lippmann has shown that the deformation of a mereury-air boundary 
produces voltages. The same was shown to be true for the perilymph-air 
boundary. For this purpose a drop of the perilymph of the cochlea was 
allowed to flow into the cavity of the bulla. "The indifferent electrode 
was placed on the edge of the drop, and a measuring electrode was 
immersed in another part of the drop. If now the surface of the drop 
was touched with a thin glass rod so that a small deformation of the 
surface could be seen under the microscope, a large voltage spike was 
produced. Since the boundary between blood serum and air does not 
produce this type of spike, from the point of view of electrocapillarity 
the perilymph of the cochlea must be regarded as a special type of fluid. 

Unfortunately the opening of the cochlea and the introduction of an 
electrode not only produces a boundary between the perilymph and air, 
but at the same time produces boundaries between the perilymph and 
the metal of the electrode and between the electrode and the air. 4 Thus 
the voltage situation, especially the direct voltage, is highly complicated. 

Besides the eleetrocapillarity other artifacts are to be expected from 
the streaming of the fluid. "Thus Helmholtz (3) found that the voltage 
between two electrodes increases if one of them is in a moving stream of 
fluid. It is well known that the voltage of a Daniell’s cell changes if one 
of the electrodes is moved (Procopiu). This kinetie feature of voltage 
production seems to be present in the perilymph also. An electrode 
coated with platinum black and moved in a physiological solution does 
not produce high voltages, but if some cotton is immersed in the physio- 
logical solution, the kinetic voltages rise to as much as 10 to 50 uv. - The 
displacement of fluid along a fluid-gas boundary without deformation of 
the surface can give rise to à voltage, as was shown by Quincke. Kupfer 
discussed the production of mierophonies in connection with some of 
these phenomena. k . 

In the experiments described here these artifacts were sometimes so 
large that at first it was difficult to separate them from the voltages pro- 
duced by the cochlear partition. Some of the electrocapillary voltages 
of the perilymph were even found to decrease under oxygen deprivation 
and upon the death of the animal, much as do the microphonics, though 
usually somewhat more slowly. 

In - of ped difficulties it was possible to show that the contact 
between the basilar membrane and the vibrating electrode produced 
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voltages. For this purpose the vibrating electrode was made to touch 
the basilar membrane close to the round window, where the basilar 
membrane is stiffest and where a small displacement of the clectrode 
caused a large increase in the tension of the membrane. If a small hole 
was made in the round-window membrane and the visible part of the 
basilar membrane was placed in a horizontal position, and if care was 
taken that the perilymph did not escape but continued to form a deep - 
layer on the basilar membrane, the insertion of the vibrating electrode 
showed the following effects (for these investigations a convenient fre- 
quency was 50 eps). At the moment the electrode touched the surface 
of the perilymph a large voltage arose between the electrode and an 
indifferent electrode. If the electrode consisted of a free platinum wire 
coated with platinum black, dipping the electrode into the fluid decreased — 
this voltage. By going still deeper it was observed that a vibratory 
amplitude of even less than 0.01 mm could give rise to an alternating 
voltage of the same frequency as that of the electrode. This alternating 
voltage was greatest if the basilar membrane was touched just beneath 
the cells of Corti. If it was touched close to the spiral ligament, the 
voltage was less. If the bony wall of the cochlear partition was tou 

no voltage was usually picked up. If the tip of the electrode was p 
deeper into the basilar membrane, a further small increase of the voltage 
could be obtained, but soon the voltage decreased, and it practically dis- 
appeared when the cochlear partition was pierced through. The voltage 
was always largest when the tip of the electrode just touched the basilar 
membrane. This observation could be verified by sucking away the 
perilymph so that under a binocular microscope the position of the elec- 
trode relative to the basilar membrane could be seen more exactly. 

If, while the electrode was touching the basilar membrane, the mem- 
brane was cut through at points 0.7 mm on either side of the electrode, 
the mierophonie voltage was maintained for about 5 sec. ‘This showed 
that the vibrating strip of membrane was responsible for the micro- 
phonics. After 5 sec the microphonie voltage declined because the blood 
supply to the isolated strip was inadequate. 

A problem of a different nature is raised by the question whether the 
movements of the fluid in the cochlea are transmitted to the vestibule 
so that microphonies are produced in the utricle and saccule. The saccule 
of the guinea pig is a thin chalky white layer, like a veil. When this 
veil was touched with the vibrating electrode it was usually destroyed 
instantly. It was therefore impossible to determine whether the saccule 
could produce mierophonies. On the other hand, the utricle has à 
well-cushioned triangular plate, which can be displaced in any direction 
without any apparent changes in its structure. When this plate was 
touched with the tip of the vibrating electrode, microphonics were pro- 
duced that were similar in all respects to the microphonics observed on 
the basilar membrane. | 

Fortunately, it is possible to show that the voltages produced by 
touching the basilar membrane with the electrode are not produced by 
vibrations of the utricle transmitted hydrodynamically from the basilar 
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membrane to the utricle. If the maximum voltages occurring on the 
basilar membrane were measured near the round window, it was possible 
to show that the value of these voltages did not change when the stapes 
was extracted from the vestibule. Then the fluid movements produced 
by a displacement of the basilar membrane were no longer transmitted 
with the same amplitude to the utricle. Even the destruction of the 
utricle did not alter the mierophonies on the basilar membrane. But this 
last experimental result is less definitive, because it was impossible to 
determine whether all the sensitive parts of the utrieular end organ had 
been destroyed, especially when an effort was made to avoid a great 
deal of bleeding. In another experiment cotton was introduced into the 
vestibule and pressed against the utricular plate so that the utricle was 
under constant maximum stimulation, Then no further increase in 
voltage was produced by the movements transmitted from the basilar 


Fic. 14-32. Effect of the pressure of a needle on a double-layered membrane. 


membrane. These experiments give further evidence that the micro- 
Phonics are produced by the cochlear partition. à 1 

Figure 14-32 shows an elastie membrane consisting of two different 
layers, the upper of which is stiffer than the lower. lf the tip of a needle 
is pressed against such a membrane, the softer parts are pushed against 
the tip of the needle as indicated by the arrows of the figure. If instead 
of pressing near the center of the membrane we press near one edge, 
there will be produced in the inner part of the membrane a horizontal 
displacement toward the needle. If the needle is moved to the opposite 
edge of the membrane, the direction of the displacement inside the mem- 
brane will be reversed. Therefore, if the microphonics are produced 
by these internal displacements, their phase ought to depend on which 
edge of the membrane is stimulated. "This hypothesis was tested with a 
needle whose tip had a diameter of 0.01 mm and which vibrated at 
200 cps. Although the phase reversal was not obtained on every trial, 
it was observed several times, and this evidence indicated strongly that 
the microphonies are produced inside the cochlear partition. - 

If the footplate of the stapes is vibrated by air-borne sounds in a normal 
middle ear, large masses of perilymph are moved in the vestibule in the 
immediate vicinity of the utricle. It will be necessary to carry out 
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special investigations to determine to what extent the utricle can cone 
tribute to the microphonies picked up at the round window under these 
conditions. 

Relation of the Microphonics to Displacement, Velocity, and Pressure. 
A comparison of many different elastic materials gives the impression 
that hard materials generally exhibit purely elastic properties, but soft 
materials exhibit an internal viscosity and show aftereffects following 
deformation. On the other hand, earlier measurements proved that 
for small vibrations the soft structures of the cochlear partition follow 
Hooke's law (page 464): a force acting on the cochlear partition produces 
a proportional deformation. In other words, displacement is propor- 
tional to pressure, and in considering the origin of the microphonics we 
can confine our attention to one of these two variables. 
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Fic. 14-33. (a) Waveforms of the stimulus and (b), (c), and (d) possible forms of 
microphonic response. 


Because it is to be expected that the elastic properties of the cochlear 
partition are different at different places and may change with time, à 
method was developed to show immediately whether the microphonies 
are proportional to the magnitude or to the velocity of the deformation. 
For this purpose the upper and lower peaks of an alternating sinusoidal 
current of about 20 eps were clipped, so that the waveform of the current 
through the vibrator was trapezoidal, as illustrated in curve a of Fig. 
14-33. Now, if the mierophonie voltage is proportional to the dis- 
placement, it will have the shape shown in curve b. But if the micro- 
phonies are proportional to the velocity of the displacement, rectangular 
pulses will occur like those shown in curve c. If, on the other hand, the 
microphonics depend on both the displacement and the displacement 
velocity at the same time, the voltage will have the form of curve d. 
Also in curve d the ratio between parts a and b would enable us to deter- 
mine the ratio between the mierophonie voltages produced by the dis- 
placement and those produced by the displacement velocity. 

With the vibrating electrode on the basilar membrane near the round 
window in a fresh preparation, clear trapezoidal waves were always 
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obtained for vertical and for radial displacements, as shown in the 
oscill m of Fig. 14-34. These microphonies are therefore propor- 
tional to the displacement. But when the vibrating electrode was placed 
on Reissner's membrane near the helicotrema, a small velocity com- 
ponent was always found. Its magnitude was 10 to 20 per cent of that 
of the displacement component. A local displacement of Reissner's 
membrane is therefore partially transmitted to the deeper parts by 
frictional forces. 

If the vibrating electrode was applied to the footplate of the stapes, the 
velocity component was overwhelmingly large. It was possible to show 
also that abnormally large amplitudes of vibration act so as to loosen 
the internal structure of the cochlear partition and sever the elastic con- 
nections between its parts. Thereafter the displacements are produced 
by frictional forees. The observation of the velocity component is a 
very sensitive technique and could be used to ascertain what values of 


Fra. 14-34, Oscillogram of the mierophonie response to the stimulus shown at (a) of 
the preceding figure. 


vibrating amplitudes loosen the internal structure of the cochlear parti- 
tion. By testing along the cochlear partition even local damage could 
be detected. 

The fact that trapezoidal displacements of the electrodes produce 
trapezoidal microphonie voltages on the basilar membrane is evidence 
that a displacement of the cochlear partition with sharp needles does not 
produce mierophonies in the utricle, because the utricle can be stimulated 
only by movements of the fluid, and these movements would produce a 
velocity component. . 

From the trapezoidal form of the voltage it was observed that the 
voltage lasts as long as the deformation. The question is, for how long a 
period of time will this continue to be true? This matter is of great 
interest because a continuous mierophonie voltage produces a continuous 
current and represents a continuous energy consumption. Unfortunately 
it was diffieult to measure the voltage between an indifferent electrode 
and an electrode touching the basilar membrane with a constant pressure 
over a long period of time. Even when conditions were kept as constant 
as possible, the base line of this voltage showed a continual wavering 
Produced by breathing and by small changes in blood supply and body 
temperature. For periods of 1 to 2 sec these changes did not disturb 
the base line too seriously. The upper part of Fig. 14-35 shov vs the 
mierophonie voltages produced by sudden displacements of Reissner's 
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membrane close to the helicotrema at intervals of 1.3 sec. The lower 
figure shows the mierophonies produced by displacements of the basilar 
membrane near the round window. 

If the preparation was fresh a constant static deformation on the 
basilar membrane produced a direct voltage that remained constant for 
several seconds. If the oxygen supply to the animal was diminished or 
the cochlea was cooled, or if the amplitude of the vibrating electrode was 
made so great that mechanical changes were produced inside the cochlear 
partition, the voltage did not remain constant but decreased after every 
sudden displacement. A decrease in the oxygen supply not only decreased 
the value of the direct voltage but also caused it to fall more rapidly. 
With a high degree of oxygen deprivation the voltage dropped to half its 
original value within 0.01 sec after the displacement had been made. 
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Fic. 14-35. Graphs of the cochlear microphonies resulting from stimulation with an 


electrode producing a sudden displacement of Reissner's membrane, (a) at a position 
near the helicotrema and (b) at a position near the round window. 


A displacement of Reissner’s membrane near the helicotrema always 
showed a slow decline in the voltage, even in good preparations, as can 
be seen in the upper curve of Fig. 14-35. This drop presumably resulted 
from some viscous forees operating within the cochlear partition. Verti- 
cal movements of the electrode produced microphonic voltages up to 1 mv. 
Even for these large values the voltage was still proportional to the 
magnitude of the displacement. 

Relation of the Microphonics to the Direction of the Displacements. As 
shown in Fig. 14-32, every displacement of an electrode vertical to the 
plane of the basilar membrane produced displacements of the internal 
portions of the cochlear partition in the plane of the basilar membrane. 
Therefore precise diserimination among the displacements in the three 
coordinate planes was not possible. However, an approximate judgment 
of the most sensitive direction eould be made with the vibrator shown 
in Fig. 14-31. As the impedance of the cochlear partition for displace- 
ment in its own plane depended to a high degree upon the depth to which 
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the needle was inserted, it could not easily be measured. For this reason 
no measurements were made of the sensitivity to displacements in differ- 


ent directions for a given pressure of the needle point. The measurements 
were made instead for a given magnitude of displacement of the tip in 
each of the three directions. The point of the electrode was short and 
sharp (0.05 mm in diameter at the tip). The needle became thick just 
above the point, so that no lateral 


bending of the needle could oecur. 
This fact was verified under strobo- 


scopic illumination. Thus a stiff 
platinum wire electrode with a diam- 
eter of 0.05 mm and a length of 1 mm 
could not be used because it showed 


definite bending for radial displace- 
ments. 

It was desirable to have measure- 
ments of the sensitivity in the differ- 
ent directions made at the same time 
for both a constant statie deformation 
and for vibrations. The following 
method was used for this purpose. 
The mechanical damping of thevibrat- p; 14-36. The method of Siatemeut 
ing system was removed so that an of the vibrating electrode on the 
applied direct current produced both basilar membrane near the round 
a displacement and a series of tran- MÀ ren € sera 
sients having the natural frequency of A M vag Do Dur vibrating. 
the vibrating system. The vibrating ; 
system was placed on the basilar membrane near the round window, 
as shown by the heavy arrow in Fig. 14-36. A specially constructed 
switch made it possible to move the tip of the vibrating electrode in any 
of the three directions shown by the small arrows. ; 

If the electrode was immersed in the perilymph toward the middle of 
the basilar membrane, the microphonics suddenly appeared at the 
moment the electrode touched the basilar membrane. At this moment 
the voltages were maximal for displacements in the radial direction, as 
shown by the arrow r. A direct current switched in and out produced 
the mierophonies shown in oscillogram a of Fig. 14-37. Oseillogram b 
shows the mierophonies produced by longitudinal displacements, and 
oscillogram e gives the microphonics for vertical movements of the mem- 
brane. Both trapezoidal displacements and 200-eps vibrations showed 
the same results: the mierophonies were maximal for radial displacements 
of the tip of the electrode. Frequencies higher than 200 eps were seldom 
Used because the directions of movement of the vibrating system were no 
longer clearly defined when the frequencies exceeded about 1000 eps. 

If the tip of the electrode was moved deeper into the cochlear partition, 
the difference in sensitivity to vibration in different directions slowly 
diminished, in accordance with the situation shown in Fig. 14-32. But 
in general it was found that the more precisely the vibrations of the elec- 
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trode were adjusted to follow the contours of the basilar membrane, the 
more pronounced the sensitivity in the radial direction became 

Near the helicotrema similar results were obtained. There it was 
necessary to insert the electrode deeper into the cochlear partition, 
because on the surface of Reissner's membrane the microphonics were 
not well defined. 

The base line of the oscilloscope remained more stable when the elec- 
trode was on the basilar membrane near the stapes than when it was near 
the helicotrema. The reason for this is that the cochlear partition is soft 
near the helicotrema and many conditions can produce a change in its 
position. For example, involuntary contractions of the tensor tympani 
muscle produce larger displacements near the helicotrema than near the 


a 


Fic. 14-37. Oscillograms of cochlear microphonies produced in the guinea pig by equal 
displacements of the electrodes in (a) radial, (b) longitudinal, and (c) vertical directions 
relative to the basilar membrane. The rapid waves are artifacts produced by move- 
ments of the table. 


stapes. Therefore the tendons of both middle-ear muscles were severed 
in advance of all the measurements. 

Electrodes with larger point diameters gave about the same results as 
those whose tips were 0.01 mm in diameter. The triangular utricular 
plate also showed a high degree of sensitivity to lateral displacements 
when measured with the three-directional vibrating electrode. 


PLACE OF ORIGIN OF THE COCHLEAR MICROPHONICS* 


The place of origin of the cochlear mierophonies is difficult to determine. 
Location of the source of the microphonies is important, however, for if 
they do not originate close to the nerve endings of the eighth nerve they 
probably are not involved directly in the process of hearing. 

When Wever and Bray (1) discovered the cochlear microphonies, it 
was assumed that these potentials were caused by the passage of nervous 


* Article 65 as listed in the Author's Bibliography. Published in 1952. 
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activity through the eighth nerve. The properties of the mierophonies 
pointed to the so-called telephone theory of hearing, and considerable 
importance was therefore attached to the role of the mierophonies in 
hearing. Later Davis and Saul found that there is, in addition to the 
microphonics, a neural component in the eighth nerve. This apparent 
duplexity raises the question of the importance of the mierophonies to 
hearing. 

At one time or another practically all the movable parts of thecochlea 
have been suggested as the place of origin of the mierophonies, with the 
exception of the basilar membrane, and it has been omitted because it 
consists of supporting tissues. Adrian (2) favored the endolymph and the 
perilymph; Hallpike and Rawdon-Smith (2) favored Reissner's membrane 
or the tectorial membrane; De Vries (3) favored the tectorial membrane; 
and Howe and Guild and also Davis, Derbyshire, Lurie, and Saul sug- 
gested the hair cells. Later Wever (3) too accepted the hair cells as the 
source of the mierophonies and presented further details. But Davis, 
Gernandt, Riesco-MacClure, and Covell concluded that the microphonics 
have nothing to do with the actual process of hearing and are only a 
by-product. 

This evolution looks rather discouraging, especially if we compare it, 
for instance, with the development of electrocardiography. In a short 
time clectrocardiography became a very reliable tool. Perhaps one 
reason for this is that in electrocardiography most of the judgments were 
made from the time pattern of the potentials, and there was no need to 
localize the heart. But the time 
pattern of microphonics always 
corresponds to the sound pressure 
on the eardrum (as shown by 
Wever and Bray), and our whole 
interest is centered around the loca- 
tion of their source. Our conclu- 
p about it are drawn chiefly 
rom the amplitude differences at 1 Rat 
different places on the cochlea; yet Donen. a Ko 
this technique seems not to be pa. 14-38. Comparison of physical and 
reliable. If the place of origin is biological batteries. 

Surrounded by insulating parti- 

tions, it is obvious that the distribution of the field can be strongly 
modified. Without a knowledge of the electrical properties of the parti- 
tion we can draw no safe conclusion about the location of the electrical 
source, : 

In addition, there seems to be a certain difference between the electrical 
fields that we find in the common problems of physies and the electrioal 

elds in living tissues. For example, in electronies a d-c battery can be 
Tepresented, as shown in Fig. 14-38, as a tank with two open wires. The 
Open wires must be insulated if a flow of current through the battery is to 
e avoided. But in a biological battery the positive and negative charges 
äre completely balanced on the two sides of the cell partition, and even 
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when the whole battery is immersed in a conducting fluid there is no 
flow of current and no loss of electric energy. A flow of current oceurs 
only if the potential difference across the cell partition is no longer equal 
at all points on the partition. When this happens, almost all parts of 
the partition contribute to the current. The field of this integrative 
action is much more difficult to survey than the field produced by a prae- 
tieal point source such as a physical battery. 

Consequently, without some knowledge of the electroanatomy (ie., 
the conductivity pattern) of the cochlea, it is difficult to draw conclusions 
about the distribution of electric currents in the tissues. The first 
approach to this problem was a measurement of the insulation of the 
various membranes and the electrical conductivity of the fluids. For 
these measurements a sharp search electrode was used to pierce through 
the cochlear partition with the aid of an automatic device, while at the 
same time the alternating and direct potentials were recorded auto- 
matically. With a sufficiently thin electrode this technique was found 
to produce little damage to the inner ear. The classical technique of 
cutting out parts of an organ and watching for the changes is too difficult 
to carry out here, and the effect on the tissues is too often traumatic. 
It is better to probe with a fine electrode and to look for the places where 
the electrical activity increases. 

The next approach was an investigation of whether the most sensitive 
mierophonies (first-order microphonies) are produced in the organ of 
Corti (the tectorial membrane plus the hair cells plus the cochlear nerves) 
or whether they are produced in other parts of the cochlea. 

Electrical Insulation of the Cochlear Partition. The cochlea must be 
mechanically isolated from the other parts of the body in order that its 
reception of external sounds may not be disturbed by the internal sounds 
and vibrations of the body. It has previously been shown that the 
middle ear and the bony capsule of the cochlea are such as to suppress 
the hearing of one's own voice. Similarly, the cochlea must be elec- 
trically isolated if the auditory nerve fibers are not to be excited by the 
electric currents flowing through the body. Measurements (page 660) 
have shown that the bony wall of the cochlea insulates the hearing appara- 
tus against the conductivity of the body fluids, i.e., that the cochlea as a 
whole possesses electrical protection. But if the main process of hearing 
is located in the cochlear partition, then the basilar membrane and Reiss 
ner’s membrane should show poor conductivity compared with the con- 
ductivity of the perilymph and endolymph. An examination of histo- 
logical cross sections of the cochlea makes it easy to believe that the 
basilar membrane, with the superposed cells of Hensen, Claudius, 8 
Corti, aets as an insulating layer. But it is difficult to understand how. 
Reissner's membrane, which consists only of a single layer of cells, can 
serve the same purpose. An electric wire is most economically insula 
when its insulation in the radial direction is exactly the same along its 
whole surface. If the electrical processes in the cochlear partition are 
really important, then we should expect the insulation of the endolymph 
from the perilymph to be the same all around the surface of contact of the 
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two fluids. That is to say, the insulation afforded by the basilar mem- 
brane should be of the same order of magnitude as the insulation afforded 
by Reissner's membrane. 

The insulation of the two membranes was measured by introducing a 
potential difference across the cochlear partition between the vestibular 
and tympanic scalae by means of two electrodes connected to an oscilla- 
tor. Then a third, indifferent electrode was introduced into one of the 
scalae, and a fourth microelectrode was placed close to the indifferent 
electrode. When the indifferent electrode and the microelectrode were 
close together, the potential difference between them was small. But 
as the microelectrode pierced through the cochlear partition the potential 
difference increased in discrete steps every time an insulating layer was 
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Fra, 14-39. View of the cochlea showing two places where electrodes may be placed to 
produce an electrical field across the cochlear partition. 


perforated, until finally the potential difference became as large as the 
difference between the two electrodes connected to the oscillator. : 

A convenient place for this type of measurement is the round window. 
The bulla of a guinea pig was opened in such a way that the view of the 
middle ear under the microscope was similar to that shown in Fig. 14-39. 
The thin bony plate that covers one side of the stapedial footplate (to 
the right side of the figure) was removed. A small hole was then drilled 
in the vestibule close to the ligament at the right side of the stapedial 
footplate. "This wall is usually thin, and there are no blood vessels near- 
by. One of the electrodes attached to the oscillator was cemented into 
the hole. The second electrode was fixed through a small hole near the 
rim of the round window in the tympanic scala, as shown in Fig. 14-39. 
These two electrodes produced a potential difference across the cochlear 
partition. ^ 

In order to introduce the two measuring electrodes into the scala above 
the basilar membrane, a small slit was made in the membrane of the round 
window. When the membrane of the round window is perforated, the 


scala. experience and 

observation were necessary before the pressure of the perilym 

be controlled so that no excess fluid flowed to the bottom of the 
was 


Fre, 14-40. Apparatus for automatic recording of potentials while an electrode 
slowly pushed through the cochlear partition. 


with a rack and pinion. The perforating electrode was attached to the 
microscope slide. On a shaft in common with the motor two re 


were attached, so that the alternating and direct potentials could be 


oscilloscope was connected to the amplifiers, and a photographic rec i 
was mounted on the same shaft as the other recorders. N 
The direct potentials were recorded to facilitate the location of the 
of the recording electrode. It had already been demonstrated (page 6 
that the direct potential relative to the perilymph is negative inside th 

cell and positive in the endolymphatie space. 
À representative set of measurements can be seen in Fig. 14-41. he 
curve on the extreme left shows the increase of the alternating potential 
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difference between the indifferent electrode in the tympanic seala and 
the j- 1 orating electrode as recorded during the progress of a perforation. 


potential difference was produced. This oeeurred because the current 
flow through the cochlear partition is not exactly perpendicular to the 
basilar membrane. The moment e ser M tio dita fused. 
the mucus at the top of the basilar membrane, the a-c potential difference 
began to increase, and it jumped suddenly when the endolymphatic space 
was reached. While the electrode was traveling through the endolym- 
phatio space, the increase of the potential was very small. Then a second 
sharp jump occurred when Reissner's membrane was perforated. 

It important to notice that the over-all increase of the potential across 
the basilar membrane plus its cells is of about the same magnitude as the 
E.- Beten — 


Inditlerent 
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Fic. 14-41, Effects of perforating successive layers of the cochlear partition. 


potential jump recorded from Reissner's membrane. Hence the insula- 
tion of the endolymph from the perilymph must be the same on both 
sides. Also the potential change across the perilymphatic space is rela- 
tively so small that both membranes must act as insulating 

During anoxia and at the onset of death the insulation afforded by 
the two membranes decreased, and the potential change produced as 
the electrode traveled through the endolymph became larger and larger 
compared with the jumps recorded at the membranes, which grew pro- 
gressively smaller. Finally about 2 hr after death the jumps across the 
membranes became very small, and the voltage increased in a continuous 
fashion as the depth of the electrode was changed. In other words, the 
membranes then had about the same conductivity as the endolymph. 

In addition to the magnitude of the a-c potential difference, it was 
Possible also to measure the phase changes relative to the phase of the 
oscillator voltage. The right-hand side of Fig. 14-41 shows the phase 
shift of an a-e voltage of 300 cps during a perforation. . Every time a 
membrane was perforated a negative phase shift occurred. As the elec- 
trode traveled through the endolymphatie space a small positive shift 
Was produced. This indicates that the membranes have a capacity with 
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a shunt resistance, and the endolymph is a pure resistance. An analogous 
electrical network is shown at the extreme right of the figure. 

When the frequency was increased to 900 eps, the phase shift increased 
about 50 per cent. It was possible to obtain still larger phase shifts by 
removing the indifferent electrode from the perilymph and placing it in 
the body outside the ear. Measurements in this situation seemed to 
indieate that the endolymph is connected electrically through the audi- 
tory nerve to the brain and thus to the other parts of the body. It is 
something like the grounding of an electrical system at one point. From 
the analogous electric circuit it can be seen that through this grounding 
line the impedances can be measured also. 

From other branches of physiology it is well known that most mem- 
branes have a eapacitive impedance, as, for example, the walls of the red 
blood cells or the nerve sheaths. Somewhat surprising, however, were 
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Fia. 14-42. Model i ividi iti 

a body of fluid nece pis e betel ta pinay guae 
the extreme instability and sensitivity of these eapacities. "The smallest 
change in the depth of anesthesia, the slightest anoxia, or a change in 
body temperature produced large changes in the phase angle. The phase 
angle is especially sensitive to drugs, and at the first. sign of the onset of 
death it falls to zero. An earlier study dealt with the electrical impedance 
between two electrodes placed in the middle of the cross section of the 
vestibular and the tympanic sealae, but the phase shifts were always 
below 10°, and a study of the phase was not possible. But the use of à 
perforating electrode made it possible to carry out accurate local measure- 
ments of each membrane. This technique should provide a valuable tool 
f or the investigation of the chemical properties of the various membranes. 
For this reason two further points concerning this technique will be 
mentioned. 

1. If some of the perilymph in the tympanic scala is removed by suction 
so that the height of the fluid above the basilar membrane is decreased, 
the a-c potential jump through the basilar membrane decreases. This 
effect is produced not by an injury to the basilar membrane, but by the 
fact that the flow lines of the current are no longer perpendicular to the 
surface of the basilar membrane. Figure 14-42 will help to make this 
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situation clear. A plastic basin with three compartments was filled 
with physiological salt solution. The two dividing walls of the basin, 
covered with filter paper saturated with the solution, formed a wall of 
low conductivity. The two electrodes leading to the oscillator were 
mounted on the left side of the basin. If an electrode was moved in the 
direction of arrows a and b as shown in the figure, the voltage jump pro- 
duced at the basilar membrane was smaller on the right side than close 
to the oscillator. The reason for this is that along the flow lines in the 
tympanic scala there is a voltage drop from a to b, and this drop has to 
be subtracted from the voltage jump at the basilar membrane. To avoid 
this distortion the two electrodes from the oscillator need to be close to 
the modiolus and the measuring electrodes. 


Shield Guinea pig. 


Insulotor, 


Fia, 14-43. An indication of the capacities between ground and parts of the measuring 
equipment which may produce artifacts. 


2. The perforating electrode should be as thin as possible so that 
damage to the tissues may be held to a minimum. But this also increases 
the resistance of the electrode. And when the tips of the two measuring 
electrodes are brought as close together as possible, a large potential 
difference appears on the input terminals of the amplifier. This is 80 
because every oscillator has a capacity to ground, and through this 
capacity and the electrodes a diffuse current may flow that produces a 
potential difference that is completely independent of the potential 
difference to be measured. This situation is represented in Fig. 14-43. 
On the left side of the figure is the output transformer of the oscillator, 
Consisting of two symmetrical coils. The capacity to ground is Co. 
The figure also shows the scattered currents flowing through the capacity 
of wires C, and Cs, the capacity of the experimental animal C, and the 
resistances R of the two measuring electrodes, all produced by the voltage 
E in one of the transformer coils. If all the electrical elements on the 
upper and lower sections of the drawing were exactly the same, the other 
coil would produce currents of the same magnitude but in the opposite 
direction. Unfortunately, this cannot be accomplished, and the result 
is a potential difference V between the input terminals of the amplifier, 
even if the tips of the electrodes are short-circuited. This disturbing 
effect was eliminated by reducing the capacity Co. The capacity of a 
Sphere surrounded by a large box is for practical purposes the same as 
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the radius of the sphere. The two coils of the transformer had a diameter 
of 1.5 cm, and this made the capacity of the coils to ground about 4 em. 
The transformer was an intermediate-frequency transformer of the type 
used in radios. The primary coil of the transformer was carefully 
shielded, so that the capacities of the oscillator did not play a role. 
Electrical Conductivity of the Endolymph. In the previous section 
it was found that the whole organ of Corti and the endolymph are sur- 
rounded by an insulating layer. Since there is one connection between 
the endolymph and the tissues outside the cochlea, the potential of the 
endolymph is not floating. This is a perfect solution to the problem 
of isolating a sensitive organ from uncontrolled eleetrie currents. But 
immediately it raises the question of the electrical conductivity of the 
endolymph as compared with that of the perilymph. i 


Jo. 
amplifrer 


Indifferent electrode 
Fra. 14-44. Arrangement for the continuous measurement of electrode resistance. 


_ It is obvious from Fig. 14-41 that the endolymph eannot be a highly 
insulating fluid, because the voltage drop produced as the electrode 
travels through the endolymph is very small. As a matter of fact, it is 
so small that it can hardly be used to measure the conductivity of the 
endolymph. The next method that was tried was to suck a small 
quantity of the endolymph into a thin capillary and to measure the con- 
ductivity there. But most of the measurements were made with a 
third method, one that was found more or less accidently. 

At the beginning of the measurements the tip of the automatically 
driven perforating electrode sometimes broke, and it was not possible to 
find out where or when it had happened. An automatic switch was 
devised that cut off the driving motor when the resistance of the electrode 
fell below a certain level. By recording the electrical resistance of the 
electrode continuously, it was possible to locate a break immediately 
by the drop in resistance. The circuit diagram for this device is shown 
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in Fig. 14-44. To control the automatie shutoff, a frequency of 7000 eps 
was used. This frequency was high enough not to disturb the other 
measurements. It was soon found that the resistance of the electrode 
changed not only when the electrode broke but also when the con- 
ductivity of the surrounding fluid changed, because the resistance of the 
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Fi. 14-45. Changes of the current through the microelectrodes with time when placed 
in dilute solutions of potassium chloride. 


mieropipette is made up of the resistance of the fluid column inside the 
capillary and the resistance of the surrounding medium. 

The flow lines of the current are so concentrated at the tip of the elec- 
trode that only the fluid in elose proximity to the tip plays a role. "This 
made it possible to measure small quantities of the fluid. In order to 
increase the sensitivity, the capillary 
was filled with a fluid of good con- 9 
duetivity, such as a saturated solu- ; 
tion of potassium chloride. The 
microelectrodes were stored in the 
same solution. If the electrodes 
Were placed in a solution of lower 
conductivity, the current through 
the electrode decreased with time, 


as shown in Fig. 14-45. But after 
à short time a constant value was 
obtained, depending on the conduc- 
tivity of the solution. It was possi- 
ble to calibrate each electrode for a 


[o] 
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Time, sec 
Fig. 14-46. Effect of replacing the 
pipette electrode after use in a solution 
of the same concentration as that inside 


Set of solutions, and these calibra- it- 
tions were reproducible. h 
Probably diffusion phenomena were responsible for the long period of 
adjustment of the resistance. But the outside fluid did not diffuse into 
the capillary to a great extent because if the electrode was placed in a 
Saturated potassium chloride solution again, the current jumped almost 
to its original value as shown in Fig. 14-46, and only a slow further 
increase was caused by the diffusion into the capillary. Å 
With the setup in Fig. 14-44 the conductivity of the perilymph was 
measured first. Reissner's membrane was then perforated, and the 
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conductivity of the endolymph was observed. There was no significant 
difference between them. The conductivity of the endolymph at 37°C 
was found to be midway between the conductivity of a 14 N and Wo N 
potassium chloride solution at 18°C. This means that the conductivity 
of the endolymph is 2 X 107? mho per em. 

Spread of the Potentials inside the Endolymph and Perilymph. The 
fact that the endolymph is separated from the perilymph by an effective 
insulating layer makes it probable that the field of the potential in the 
endolymph shows a discontinuity when it spreads into the perilymph. 
This discontinuity could be very important for theoretical purposes. 
In order to gain some inkling of the significance of this effect observations 
were made on a model. As shown in Fig. 14-47, two channels were cut 
in a sheet of plastic with a thickness of 10 mm. These two channels 


- Potential in the endolymph 


hs, 


Moving electrode Indifferent electrode 
in the perilymph 


Fra. 14-47. Model to study the distribution of potentials arising from a small source in 
the “endolymph.”’ 


represent the endolymphatic space and the U-shaped perilymphatie 
space of the unfolded cochlea. The sheet was screwed onto a plastie 
plate so that the channels could be filled with water. The length of the 
middle channel was 6 em, and the walls between the outer and inner 
channels had a thickness of 1 mm. These walls did not touch the 
bottom; a space of 1 mm was left open. This opening represented the 
conductivity between the endolymphatic and the perilymphatic spaces. 

On the left side of the plastic model two platinum wire electrodes were 
placed in the middle channel so that the wires stood perpendicular to the 
bottom. These electrodes, representing a small a-c source in the cochlear 
partition, were connected to an oscillator. After these preparations 
had been made, a micropipette was moved 4 mm above the bottom along 
the inner and outer sides of one of the walls, and the potential relative 
to an indifferent electrode was recorded. The slopes of the two potentials 
along the wall are represented in the upper curves. For the measure- 
ments of the potentials in the perilymph the sensitivity of the amplifier 
was increased 15 db. 
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The movement of the electrode along the endolymphatic channel, 
represented by the full line, shows a definite peak close to the electrodes 
of the generator. But on the other side of the same wall this peak is 
flattcned out and even displaced. This shows that any local disturbance 
inside the endolymph is spread out over practically the whole length of 


the cochlea in the perilymphatic space. Consequently, it is extremely 
difficult to base our conclusions about the local electrical disturbances 
insido the cochlear partition on measurements made outside the cochlear 
partition, unless these conclusions concern only temporary changes 
and the time involved is so short that no effect on the membranes sur- 


rounding the source of potentials can be expected. 
Role of Reissner's Membrane in the Production of the Microphonics. 
As mentioned in the introduction, most of the movable parts of the 


cochlca have been suggested as sources of microphonics. Microphonies 
in the vestibular organ have also been described by Bleeker and de 
Vries and by Van Eyck. Practically every boundary between two 
differt. media, such as the surface between air and liquid, or between 
liquid and solid, produces mierophonies if it is touched with a vibrating 


electrode (page 677). The voltages are usually small in inorganic 
systerns, larger in organic, and largest in living tissues, where magnitudes 
of 10 to 30 av are common. The vibrations of the perilymph, the endo- 
lymph, Reissner’s membrane, the tectorial membrane, and the various 
cells of the organ of Corti all produce microphonics. But the aural 
microphonies are about five to ten times larger than the voltages found 
on ordinary organie boundaries. The question is, where are these 
larger mierophonies produced? Perhaps these larger mierophonies 
should be called microphonies of the first order to distinguish them from 
the smaller or second-order mierophonies. 

The movements of the perilymph do not produce first-order micro- 
phonics, because a vibrating electrode placed in the perilymph shows a 
sudden inerease in voltage when the electrode touches the cochlear 
partition. This holds for the movements of the electrode in the direction 
of its longitudinal axis and for the lateral movements of the tip of the 
electrode. Therefore the first-order mierophonies must be located in the 
cochlear partition or in the boundary of the partition. 

In the investigation of the boundary surfaces, Reissner’s membrane 
is of special interest. In order to decide whether the first-order micro- 
phonies are produced by Reissner’s membrane or by the basilar mem- 
brane plus the organ of Corti the following experiment was performed. 
After the bony wall of the cochlea had been perforated, a small capillary 
was placed just above the cochlear partition. A small amount of the 
perilymph was sucked into the capillary, and this fluid column was set 
into vibration as shown in Fig. 14-48. One electrode was placed in the 
perilymph and the other in an indifferent location. If the pulsator 
was outside the cochlear partition, as shown in drawing a of Fig. 14-48, 

eissner’s membrane and the basilar membrane moved in phase, i.e., 
downward if the fluid was pressed out of the capillary. But if Reissner’s 
membrane was perforated and the tip of the pulsator was placed in the 
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endolymph, the outflow of the fluid from the capillary must move Reiss- 
ner's membrane upward and the basilar membrane downward; ;.c., the 
two membranes must move in opposite phase as shown in drawing b. 
Consequently, the phase of the mierophonies would reverse if Reissner’s 
membrane were responsible for the production of the mierophonies, and 
it would remain unchanged if the displacements of the basilar membrane 
and the cells of Corti were responsible for the mierophonies. 

The experiments showed that the amplitude of the microphonies 
increased when the tip of the pulsator was pushed down slowly. The 
moment Reissner's membrane was perforated the amplitude decreased a 
little, but the main voltage kept its phase. This fact indicates that 
some of the microphonics are produced by the movements of lteissner's 
membrane, but the main source lies on the basilar membrane. This 


| Fluid pulsator | 


(b) 
Fro. 14-48. Stimulation with a fluid pulsator above and below Reissner's membrane. 


could be proved by pushing the tip of the pulsator through the basilar 
membrane, which immediately reversed the phase of the microphonics. 
This experiment was repeated at several points along the cochlear parti- 
tion with the same results. This is a difficult experiment to perform 
on the tip of the cochlea, close to the helicotrema, because the distance 
between Reissner’s membrane and the basilar membrane is very small. 
Near the round window the direction of the perforation can be changed 
by pushing through the basilar membrane first. 

In a dying animal the first-order mierophonies decreased in amplitude, 
until they became of the same order of magnitude as the second-order 
microphonics, and when this happened the potentials produced by 
Reissner's membrane were comparable with the potentials produced by 
the organs on the basilar membrane. 

A schematic drawing of the pulsator is shown in Fig. 14-49. A plastic 
membrane was placed above a small hole and set in vibration with the 
help of an electromagnetie system. The resonant f requency of the 
plunger (about 300 eps) was the same as the driving frequency. A micro- 
pipette attached to a micromanipulator was connected to the hole, and à 
screw permitted the sucking of fluid through the pipette. 
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There is still another way of investigating the importance of Reissner's 
membrane in the produetion of the first-order mierophonies. Close 
to the helicotrema, Reissner's membrane lies almost on the organ of 
Corti. It was possible to press Reissner's membrane down until it 
touched the organ of Corti without perforating the membrane or dis- 
turbing the cochlear partition. If a vibrating electrode was moved 
slowly downward, the potential suddenly rose as the electrode touched 


Vibrating plunger Spring 
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Fic. 14-49, Apparatus used to produce pulsations in the fluid of the micropipette. 
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Lissajous’ figures 
Fra. 14-50. Recording of potentials with the electrode in contact with Reissner's 
membrane, before and after touching the organ of Corti. 


Reissner’s membrane. During further downward movement the ampli- 
tude of the potentials did not change. But the moment the organ of 
Corti was reached the potential often reversed in phase and jumped toa 
high value, showing that the organ of Corti is more sensitive than Reiss- 
her’s membrane. This situation is illustrated in Fig. 14-50 with the 
ssajous figures seen on the oscilloscope. i 
Microphonics inside the Cochlear Partition. From the experiments 
with the pulsating fluid column it seems clear that we must look inside 
the cochlear partition for the place of origin of the first-order micro- 
Phonics. If this conclusion is correct, we should expect to find larger 
Microphonies in the endolymph than in the perilymph. Using the equip- 
ment described in Fig. 14-40, this hypothesis was tested by perforating 
the cochlear partition near the round window and recording automatically 
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the potential changes during the perforation of the different layers of the 
partition. At the beginning of the experiment the perforating and 
indifferent electrodes were close together just above the basilar mem- 
brane. The stimulating frequency was 300 cps. The potential changes 
during the movement of the electrode across the cochlear partition 
from the tympanic scala to the vestibular scala are shown in Fig. 14-51. 
The upper curve represents the a-c potentials and the lower curve the 
d-e potentials. The d-e potentials were convenient for identification 
of the different layers. The perforation in Fig. 14-51 was started on the 
outer side of the basilar membrane opposite the modiolus. The electrode 
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Fra. 14-51. Direct and alternating potentials between an electrode pushed through the 
cochlear partition and an indifferent electrode in the scala tympani. 


made contact first with the loose cells lying on the basilar membrane. 
As the electrode penetrated further, the negative potential increased. 
After the fibrous layer of the basilar membrane was reached, the d-¢ 
potentials usually remained constant for a short time. Because of the 
toughness of this layer, the electrode displaced it for a moment until it 
was able to perforate it. The moment the electrode penetrated the 
cells of Claudius the potential jumped suddenly to a large negative value: 
A still further penetration brought the tip of the electrode into contact 
with the cells of Hensen, and the d-e potential decreased still further: 
Because the interior of these cells is negative relative to the perilymph, 
the cells resemble biological batteries (Fig. 14-38) with a negative charge 
inside the cell wall and a positive one outside the wall. 

When the tip of the electrode penetrated to the endolymph, the d-e 
potentials suddenly jumped to a large positive value, and this value 
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remained constant all the while the electrode traveled through the endo- 
lymphatic space. The magnitude of the jump was of the order of 130 mv. 
At the same time the a-c potentials behaved 
differently. As seen in the upper curve of 

Fig. 14-51, the a-e potentials increased dur- Ac- 
ing the whole progress of the perforation. pp si hit 
The increase proceeded in small steps at | f 


exacily the same time that a change in the vi 
d-c potentials was observed and the mem- 
brane was perforated. Figure 14-52 shows af 


this on another preparation. On the origi- 
nal recordings the correspondence is even 
more striking. 


1 
i: 
9 


\ \ 
hen 8 
From this situation we have to conclude BA a : 
that the cells of Claudius and Hensen are | 


batteries for d-e potentials, but that they 6 


are uot a-e potential generators, because if 
they were the a-c and d-c curves would be 
much alike. There is an a-e potential E 3 
differenee between the endolymph and the 1 m 
perilymph, and there is therefore a potential 
drop across the passive membranes of the 
cells of Hensen and Claudius and the fibrous 
layer of the basilar membrane, just as in a Direchan Restoration 
potentiometer. The different membranes Fro. 14-52! Details of the 
have a capacitive component, and it was perforation curves, showing 
found that every time a small jump occurred that the Hensen and Clau- 
in the a-e curve there was a small change in dius cells are d-c generators. 
the phase angle. 

When the tip of the electrode reached Reissner’s membrane, one of 
two things happened. Either Reissner's membrane was perforated 
immediately, and then the a-c and d-c potentials in the perilymph 
dropped immediately to a low level, or the electrode failed to perforate 
Reissner's membrane. Figure 14-51 shows an instance in which. Reiss- 
ner's membrane was pushed ahead of the electrode. This produced a 
slow drop of the potentials until the perforation occurred, and then a 
faster drop took place. If Reissner’s membrane was perforated in two 
Steps, the d-e potential had a negative spike for a short. time, indicating 
that Reissner's membrane presumably contains cells with negative 
contents. But as a whole, Reissner's membrane represents a passive 
membrane whose conductivity is not too different for alternating and 
direct eurrents. In general, the a-c potential showed a smaller drop than 
the d-c potential because of the capacity of the membrane. t 

Perforations close to the modiolus that passed through the hair cells 
and pushed upon the tectorial membrane from below were more com- 
plicated and will not be discussed here. T 

Summing up, we have the following picture. There are three types of 
tissues in the cochlear partition. (1) There are electrically indifferent 


700 COCHLEAR MECHANICS 


tissues, like the fibrous layer of the basilar membrane or the loose cells 
on the basilar membrane. They do not produce any potentials and 
act only as resistances. (2) There are cells with a wall, like the cells 
of Hensen and Claudius, and Reissner's membrane. They do not produce 
first-order mierophonies but are like d-e batteries with a negative poten- 
tial inside the cell. These cells are practically passive for alternating 


currents. (3) There are the highly active cells that are responsible for 
the large positive d-c potentials and the large a-e potentials in the endo- 
lymph. The distribution patterns of these large a-c and d-e potentials 
inside the endolymph and inside the perilymph are so similar, even to the 
finest detail, that the places of origin of the a-c and d-c potentials must 
be very close together, or perhaps even exactly the same. The differences 
in these patterns may be a consequence of the fact that the passive 
resistance of the membranes is dependent upon frequency. 
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Fro. 14-53. Effects of anoxia on direct and alternating potentials when the recording 
electrode is in the endolymph. 


This picture can be further supported by observations of conditions of 
anoxia and death. After administration of nitrogen the a-c and d-e 
potentials relative to an indifferent electrode showed a different course. 
During the first minute it was sometimes found that the d-c potentials 
increased in size and the a-c potentials showed a sharp decrease. They 
seemed to be independent of one another. But inside the cochlear parti- 
tion the decays of the two potentials were more nearly alike, as shown in 
Fig. 14-53. Observations in the perilymph at the round window showed 
that the potentials are determined by at least two factors, the proper 
size of the generator voltage and the conductivity of the basilar mem- 
brane and Reissner’s membrane. Both of these change under anoxia. 
The conductivity of the membranes was measured separately. The 
closer the approach to the place of origin of the mierophonies was, the 
smoother the curves became. Figure 14-53 shows that the recording 
was closer to the sources of the first-order microphonics in the endolymph 
than any recording in the perilymph. 
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When the first-order mierophonies dropped below 50 uv, the field 
in the cochlea was changed by the second-order microphonics. There 
was typically a stage in which the a-e microphonies still showed an 
increase inside the endolymph, but at the same time the d-e potentials 
changed from a positive to a negative value. These negative potentials 
inside the cochlear partition were present as long as 2 hr after death; 
by then there was no longer an a-c potential difference between endo- 
lymph and perilymph. The source of these long-lasting negative d-c 
potentials is probably inside the cells of Hensen or Claudius. After 
death there is a deterioration of the insulation of the cell walls, and the 
endolymph therefore becomes negative (see Fig. 14-54). The negative 
potentials in the endolymph were always smaller than the negative 
potentials inside the cells of Claudius. 
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Fra. 14-54, Direct and alternating potentials in a dying animal, recorded from the 
endolymph. 


In a fresh preparation the situation near the helicotrema was the same 
as near the round window. But it was more difficult to experiment 
near the helicotrema because the whole cochlear partition is much 
smaller there, : r 

When the sound stimulation was increased, the size of the micro- 
phonics in the perilymph increased until a maximal output of about 
1.8 mv was obtained near the round window for a sound of 300 cps. 

Before these measurements were made, several control experiments 
were performed. The cochlear partition was brought into vibration 
by the sound waves acting on the eardrum. When the basilar membrane 
was touched with an electrode that was not vibrating, there was friction 
between the electrode and the basilar membrane, and the vibratory 
amplitude of the basilar membrane was decreased. To test the mag- 
nitude of this effect, a second electrode was introduced during the 
measurements of the a-c potentials in the endolymph. The change in 
the size of the a-e potentials was just perceptible, even when the second 
electrode was very close to the first one. The magnitude of the effect 
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depended on the diameter of the electrodes, which were always kept as 
small as possible, ü.e., just strong enough to perforate the fibrous layer 
of the basilar membrane. 

A second way to test the friction between the electrode and the basilar 
membrane was to reverse the motor used to drive the electrode after the 
perforation had been made. The electrode was then pulled out, and an 
exaet mirror image of the recorded eurve was obtained with thin elec- 
trodes, giving the same jumps of the potential at the same spatial dis- 
tances. If the electrode was too large, the membranes adhered to it and 
a displacement appeared between the two records. This test was always 
made because it constituted the most convenient method for determining 
the optimal size for the electrode. 

A third test indicated that, regardless of whether the cochlear partition 
was approached from the side of the basilar membrane or from the side 
of Reissner's membrane, there was no significant difference in the voltage 
pattern during perforation. This was true even though the basilar 
membrane is much stiffer than Reissner's membrane. 

Experiment with the Vibrating Electrode. The vibrating electrode 
is a convenient tool for the investigation of the microphonic sensitivity 
of the different tissues. An electrode was set in vibration with a fre- 
quency of 300 eps, and the potential 
difference between the tip of the 
electrode and an indifferent electrode 
was observed. On the cupola of the 
cochlea small holes were made, and 
after Reissner’s membrane was slit a 
vibrating electrode was lowered into 
the cochlear partition. With the 
amplitude of the vibrating electrode 
kept constant it was found that the 
amplitude of the microphonies was 
greatest when the outer rim of the 
tectorial membrane was touched. 
This maximum was not sharp, but 


Vibrating electrode 


^, 
Yo N, N, 
f 
/ \ Í \ 
\ I \ pi 
Na ED NS 7 


Lissajous’ figures on the oscilloscope 
Fig. 14-55. The phase of the micro- 
phonics as related to the orientation of 
the vibrating electrode relative to the 
organ of Corti. 


mierophonies produced by the cells 
of Hensen and Claudius were usually 
smaller than those recorded on the 
outer border of the tectorial mem- 
brane. The reason for this may be 
that, because the tectorial membrane 


is much stiffer than the cells of 
Hensen and Claudius, touching the tectorial membrane produces à 
vibration on a larger area. This usually increased the amplitudes of the 
mierophonies. 

When the axis of the modiolus was in a vertieal position and the 
vibrating electrodes were placed parallel to it on opposite sides of the 
cochlea at points of exact anatomical correspondence, the phase of the 
microphonies was usually reversed, as indicated by the Lissajous figures 
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in Fig. 14-55. This can be explained if we assume that the organ of 
Corti is sensitive to displacements in the radial direction. As can be 
seen from the figure, the cochlear partition is wound in a spiral around 
the modiolus, and the plane of the cochlear partition is inclined relative 
to the axis of the modiolus. On one side of the modiolus a downward 
movement of the electrode produces a radial movement toward the 
modiolus; and on the other side it produces a movement away from the 
modiolus. This would explain the phase reversal. Correct performance 
of this experiment requires an elaborate apparatus, because displacements 
of the organ of Corti that are too large (unphysiological) can alter the 
phase of the mierophonies to a greater extent than the amplitude. 

‘These experiments seem to indicate that the organ of Corti plays an 
important role in the production of the first-order mierophonies. Fur- 
thermore, it was found that the organ of Corti is electrically isolated 
and protected from the perilymph by both Reissner’s membrane and 
the basilar membrane. 


SHEARING MICROPHONICS PRODUCED BY VIBRATIONS 
IN THE COCHLEA* 


In the earlier theories of hearing the up-and-down movements of the 
hair cells and their pushing on the tectorial membrane were considered 
to be the stimulus for hearing. A system of stimulation different in 
principle was assumed for the otoliths. J. Breuer suggested that it was 
not the weight of the otoliths on the hair cells but the shearing forces 
that produced the stimulus. This heterogeneity of organs so closely 
related was disturbing from the point of view of evolution. Later 
ter Kuile, on the basis of histological evidence, developed a well-founded 
theory in which the shearing between the reticular membrane and the 
tectorial membrane was considered to be the stimulus. t 

Within the last few years this whole problem received a new impetus 
when Holst in unusually precise experiments showed that in fish it is 
only the shearing forces of the otoliths that determine the position of the 
fish and not their positive or negative pressure effects. If we look for a 
mechanical system in the organ of Corti able to transform the relatively 
small streaming forces of the movements of the perilymph into larger 
forces for the elastic tissues of the organ of Corti, we find that a matching 
of mechanical impedances of this kind exists only for the shearing forces 
between the tectorial membrane, the reticular membrane, and the 
basilar membrane. Matching of this kind seems to be important if we 
consider the high sensitivity of the ear, and, as measurements show, the 
middle ear with the ossicles and the eardrum represents a perfect match- 
ing device between the very light air and the large masses of fluid set in 
Vibration in the cochlea by a sound. 

Holst pointed out that shearing forces have an advantage over pressure 
as a stimulus because they have two degrees of freedom in the two per- 
pendicular directions, whereas pressure acts only in one direction. As 


* Article 68 as listed in the Author’s Bibliography. Published in 1953. 
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already mentioned (page 497), vibrations in the organ of Corti ar gely 
radial on one side of the point of maximal stimulation and largely longi- 
tudinal on the other side. 

To find out what types of force produce the microphonics in the cochlea 
a small section of the tissue was stimulated with a vibrating needl In 


FrG. 14-56. Apparatus for producing lateral vibrations of a needle in any desired 
direction perpendicular to the axis of the needle. 


one case the movement of the needle along its axis was up and down, in 
the other case from side to side. "The equipment used in producing the 
lateral movements is shown in Fig. 14-56. 

To avoid an electrical field near the preparation, the needle was 
separated from the sound source (two loudspeakers) by a 2-ft tube. To 
each loudspeaker a membrane was attached through & tube and set 
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into vibration by the sound. The two membranes with a piston glued 
to them permitted the needle to move along the two horizontal axes. 
By means of a special switch it was possible to adjust the relative inten- 
sity o! the two sounds in such a way that the needle vibrated in any 
desired lateral direction with about the same amplitude. It sometimes 
happened that there was a small phase difference between the two move- 
ments of the pistons, and the tip of the needle described an ellipse rather 
than a line. This was corrected by slightly compressing one of the 
plastic tubes coming from the loudspeakers. 

Unfortunately it is difficult to produce either small local pressures or 
shearing forces in a pure form. As shown in Fig. 14-57, they always 
occur together. A downward movement of the needle tip is accompanied 
by a suetion on both sides con- 
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Piss 
stituting shearing forces, and a 
lateral displacement of the needle 
tip on the surface of an elastic 


material pushes the material before 
it and pulls it behind. But if the 
elastic material is covered with a 
stiff | ver, as in the organ of Corti, 
the dilference between the pressure 
and the shearing force becomes 
more specific. Therefore a blunt 
needle tip pressed lightly on the 
teetorial membrane or on the retic- 
ular membrane produces mostly 


Yi), YN) 


shearing forces if the tip vibrates 
laterally. But a perpendicular dis- 
placement of the plate on the sur- 
face of the softer tissues always 
produces a lateral flow of the tissue. 
Perhaps this is the reason that 
vibrating electrodes or needles give 
more reproducible results when 


moved parallel to the surface than w 


surface, 


The fact direction of the vibrati 'tieul 
o aot s from radial to longitudinal along the 


maximal amplitude leads us to expect 
the two directions may be different. 
touched with a laterally vibrating 


during exposure to a tone changes 
basilar membrane near the point of 
that the mierophonies produced in 


Therefore the organ of Corti was to! 
needle at different points, and the direct 
was rotated around the axis of the needle. 
trode was placed in the perilymph or en 
needle and another electrode in the muscles of th 
phonics were observed. Several distur 


these observations. 


The vibrating needle produced e 


Fic. 14-57. The production of pressures 
and shearing forces in an elastic material: 
(a) shows a perpendicular and (b) a 
lateral displacement for a uniform mate- 
rial; (c) shows a perpendieular and (d) a 
lateral displacement for a material 
covered with a stiff layer. The arrows 
within the material represent its move- 
ments. 


hen moved perpendieularly to the 


ons of the reticular membrane 


ion of the lateral movement 

At the same time one elec- 
dolymph near the vibrating 
e neck, and the micro- 
bing effects were present during 


lectrocapillary potentials at the peri- 
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lymph-air boundary (cf. page 677). These potentials decreased with the 
diameter of the needle at the surface. It was found desirable to keep 
the level of the fluid above the organ of Corti low, so that a thin needle 
with coneave sides did not bend when the tissue was touched. Otherwise 
the vibrations were larger at the stem of the needle than at the tip, and 
then the electrocapillary potentials became larger relative to the micro- 
phonies. The size of the microphonies relative to the electrocapillary 
potentials was always greater than 10:1. After the needles were used 


Fro. 14-58. Equipment for observing the micro. 
ments of the organ of Corti. 1, operating table 
speaker with plastic tube; 5, a second loudspeaker: 6, adjusting mechanism for the 
vibrating needle; 7, preamplifier; 8, amplifier; 9, oscilloscope. 


phonics produced by shearing move- 
; 2, slit lamp; 3, stroboscope; 4, loud- 


for some time they were replaced, because the slightest dirt on the needle 
increased the electrocapillary potentials, 

Another difficulty was that the vibrations of the tip of the needle were 
spread out in the tissues. At high frequencies there were traveling 
waves with regions of opposite phase, which was highly disturbing. 
At 150 eps all the deformations as seen through the stroboscope were 
purely elastic and in the same phase. The fact that touching the organ 
of Corti on one spot produced larger microphonics than on another spot 
does not necessarily mean that one place was more sensitive than the 
other, because in one case the covering layer on the sensitive cells could 
be stiffer, so that a larger number of cells were stimulated. This pro- 
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duced larger mierophonies probably because connection of several 


generators in parallel decreases their resistance and makes the voltage 
across the perilymph larger. In comparing sensitivity for lateral move- 
ments in different directions, great care was taken to adjust the area 


of the vibrations to the same size by changing the lateral amplitudes of 
the vibrations or the depth to which the needle was pressed into the 
surface. The impression of the needle in the tectorial membrane or the 
reticular membrane had to be carried out automatically, very slowly, 


and under continuous stroboscopic control. 
The whole equipment is shown in Fig. 14-58. At the left is the mercury 
arc for stroboscopic illumination, and in the wooden box are the two 


loudspeakers with the plastic tube, one provided with a clamp for fine 
adjustments of phase. The vibrating needle and the preamplifier are 
situsted under the stereoscopic microscope and attached to the auto- 
matic driving system for slow downward movement. 


* 


Left 


~ 
Stopes 


Fic. 14-59. Directional sensitivity of the microphonics for a laterally vibrating needle 
placed on the outer, middle, and inner edges of the tectorial membrane. 


For all observations, the perilymph above Reissner’s membrane was 
removed by suction, and Reissner's membrane was peeled off. When 
the laterally vibrating needle tip was placed on the outer edge of the 
slightly stained tectorial membrane, it was found that the sensitivity of 
the microphonies was maximal in the direction of the fibers of the tectorial 
membrane and minimal (zero) in a direction perpendicular to the fibers 
of the reticular membrane. This situation is shown in Fig. 14-59 for the 
left and right cochleae of a guinea pig as seen from the ventral side. 

If the amplitude of the lateral vibrations was kept constant and at 
the same time the direction of the vibrations was reversed, the amplitude 
of the mierophonies showed a continuous change in size. The relative 
size of the mierophonies can be found for any direction by running a 
line through the point in Fig. 14-59 where the two cireles touch. The 
length of the line enclosed by the circle represents the relative size of the 
microphonies for the different directions. The measurements of the 
mierophonies in the different directions did not give precise circles, 
probably because of the interaction between the two systems, but they 
were acceptable as first approximations. The directional characteristic 
of the mierophonies is therefore similar to the directional characteristic 
of a velocity microphone. 
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At the inner edge of the tectorial membrane close to the modiolus 
the angle of maximal sensitivity is changed and is more in the direction 
where the minimum was before. The direction of sensitivity on the 
inner edge lies between the tangent of the edge and a direction per- 
pendicular to the fibers of the tectorial membrane. It was not possible 


to observe this direction precisely because there was interaction with the 
mierophonies on the outer edge. In a fresh preparation, the maximal 
size of the two microphonies on inner and outer edges was about the 


same, and if the tip of the needle was placed somewhere between the 
inner and outer edges, it was possible to find a place where the direction 
of maximal sensitivity was along the longitudinal axis of the organ of 
Corti and the minimum was clearly in the radial direction. This seems 
to indicate that somewhere in the middle of the tectorial membrane the 
microphonies from the two edges add together and compensate each 
other in the radial direction. 

In general the inner microphonies die first, as a result of lack of Oxygen, 
cold, and so on. At the same time the inner hair cells could be seen to 
lose their color if they had been stained with methylene blue. Then 
there was no longer a compensation in the middle of the tectorial mem- 
brane, and there were always mierophonies in the radial direction. 
There are about three times as many outer hair cells as inner hair cells. 
If they are responsible for the mierophonies it can be understood why the 
outer microphonics last longer. 

It was interesting to watch how the hair cells lost their methylene 
blue color. They lost it according to an all-or-none law. There was no 
slow simultaneous fading away of the color in all the cells. Rather, 
some cells suddenly turned white while others kept their color as before. 
At the end only a few blue cells were left in the whole organ of Corti, but 
they often remained so for a whole day. 


-membrane and pushed radially outward, the Sensitive part of the organ 
of Corti was displaced, as seen in Fig. 14-60. If the force on the tissue is 
important as a stimulus, then placing the needle on the outer edge and 
moving it outward in the same way should give microphonies of reversed 
polarity. This is true because now the sensitive part of the organ of 
Corti is pulled rather than pushed. On the other hand, if deformation 
constitutes the stimulus, no difference should appear. When this experi- 
ment was tried there was no change, and therefore the shearing deforma- 
tion is the stimulus. 

The mercury-are lamp with its pulses of 2000 volts was shielded so 
well that it did not disturb the mierophonies. It was therefore possible 
to observe the movements of the tip of the needle and at the same time to 
observe on a cathode-ray oscilloscope the size of the mierophonies. "They 
reached their maximum growth every time the needle was in an extreme 
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position. To show the polarity of the microphonics the arrow in Fig. 
14-59 points to the place at which the electrode is positive relative to an 
indifferent electrode. The active electrode was placed on top of the 
completely intact Reissner’s membrane, and the indifferent electrode 
was placed in the neck of the guinea pig. At the same time the whole 
cochlea had to be completely filled with perilymph as in the normal 
situation. The dashed arrow parallel to the longitudinal axis of the 
organ of Corti indicates the direction of displacement of the needle 
- placed in the middle of the tectorial membrane, which made the electrode 
‘in the perilymph positive relative to the electrode in the neck. 

— It happened several times that the polarity was the reverse of the 
situation represented in Fig. 14-59. The reason for this ean be seen in 
Fig. 14-61. The mierophonies are probably produced by a generator 
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Fic. 14-60. The sensitive region of the 
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Fie, 14-61. Sketch showing how the 


Organ of Corti is represented by eross- 
hatching. The arrows a and 6 indicate 
the opposed directions of pressure when 
the tectorial membrane is pushed on its 
Outer and inner edges. 


potential difference between an indif- 
ferent electrode G and an active electrode 
E may be reversed in polarity if the 
shunt resistances in the field are altered. 
The rectangle represents the potential 


generator. 


between the tectorial membrane and the basilar membrane. This 
Benerator is shunted by the endolymph and perilymph represented in 
Fig. 14-61 by the resistance rı + rə» The connection to the indifferent 
electrode in the neck may lie between rı and rs. A similar shunt with a 
similar electrical tap is produced by the perilymph and the electrode Æ. 
Tt seems probable that 7/72 is larger than R,/R:, because if Rı was 
increased by sucking away the perilymph above Reissner’s membrane, 
the microphonies in the cases observed reversed their polarity, compared 
With the situation in which the whole channel of the cochlea was filled 
With perilymph. The polarity of the microphonics was always deter- 
mined with Reissner’s membrane unperforated, so that the conductivities 
Were normal. The integrity of Reissner’s membrane was tested with 
€ microscope after staining with methylene blue, at a time when all 
the nuclei could be seen clearly. 
If the perilymph was sucked off and Reissner's membrane and the 
tectorial membrane were peeled back, the microphonics were still obtained 
on placing the tip of the needle on the reticular membrane. But the 
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change of sensitivity in the lateral direction was no longer well developed. 
If the whole organ of Corti was taken away with a fine painter's brush 
the mierophonies disappeared, and only by increasing the amplitude of 
the lateral vibrations, especially in the longitudinal direction, was it 
possible to extend the vibrations along the basilar membrane far enough 
that new, undestroyed cells could be reached. 

These results lead to the conclusion that the tectorial membrane with 
its attachment to the retieular membrane is mainly responsible for the 
difference in directional sensitivity between the inner and outer edges 
of the organ of Corti. 


AUTHOR'S BIBLIOGRAPHY 


The numbers in brackets at the end of a reference indicate the pages of this book 


where the article is to be found. If there are no numbers in brackets, the article is not 
included in this book. 


1. 


Über den Einfluss der nichtlinearen Eisenverzerrungen auf die Güte und Ver- 
ständlichkeit eines Telephonie-Übertragungssystemes, Elektr. Nachr. Techn., 
1028, 5, 231-246. 


- Zur Theorie des Hórens; Die Schwingungsform der Basilarmembran, Physik. 


Zeits., 1928, 29, 793-810 [404-429]. 


- Zur Theorie des Hérens; Über die Bestimmung des einem reinen Tonempfinden 


entsprechenden Erregungsgebietes der Basilarmembran vermittelst Ermüdungs- 
erscheinungen, PAysik. Zeits., 1929, 30, 115-125 [354-308]. 


- Zur Theorie des Hórens; Über die eben merkbare Amplituden- und Frequenz- 


änderung eines Tones; Die Theorie der Schwebungen, Physik. Zeits., 1929, 30, 
721-745 [207-238]. 


- Zur Theorie des Hórens; Über das Richtungshören bei einer Zeitdifferenz oder 


Lautstärkenungleichheit der beiderseitigen Schalleinwirkungen, Physik. Zeüs., 
1930, 31, 824-835, 857-808 [272-301]. 


- Über das Fechnersche Gesetz und seine Bedeutung für die Theorie der akustische 


Beobachtungsfehler und die Theorie des Hórens, Ann. Physik, 1930, 7, 329-359. 


- Sur la théorie de l'audition, L'ann. psychol., 1930, 31, 63-96 [238-257]. f 
- Über die Messung der Schwingungsamplitude fester Kórper, Ann. Physik, 1931, 


11, 227-232 [51-53]. 


- Bemerkungen zur Theorie der günstigsten Nachhalldauer von Räumen, Ann. 


Physik, 1931, 8, 851-873 [369-383]. 1 4 
Über die Ausbreitung der Schallwellen in anisotropen dünnen Platten, Zeits. 
Physik, 1932, 79, 668-671. 


- Zur Theorie des Hórens bei der Sehallaufnahme durch Knochenleitung, Ann. 


Physik, 1932, 13, 111-136 [128-147]. j 
Über den Einfluss der dureh den Kopf und den Gehórgang bewirkten Schall- 
feldverzerrungen auf die Hörschwelle, Ann. Physik, 1932, 14, 51-56 [267-271]. 


. Über die Schallfeldverzerrungen in der Nähe von absorbierenden Flächen und 


ihre Bedeutung für die Raumakustik, Zeits. tech. Physik, 1933, 14, 6-10 [392-399]. 


- Über die Hörsamkeit der Ein- und Ausschwingvorgänge mit Berücksichtigung 


der Raumakustik, Ann. Physik, 1933, 16, 844-860 [58-60, 321-332]. 

Über den Knall und die Theorie des Horens, Physik. Zeits., 1933, 34, 577-582 
314-321]. 4 

ber die Hörsamkeit kleiner Musikräume, Ann. Physik, 1934, 19, 665-679 
[383-392]. 


- Über die nichtlinearen Verzerrungen des Ohres, Ann. Physik, 1934, 20, 809-827 


[332-344]. 


. Über die Hörsamkeit von Konzert- und Rundfunksälen, Elektr. Nachr. Techn., 


1934, 11, 309-375. 


- Physikalische Probleme der Hörphysiologie, Elektr. Nachr. Techn., 1935, 12, 
71-83, 


71 


712 AUTHOR'S BIBLIOGRAPHY 


Über akustische Reizung des Vestibularapparates, Pflüg. Arch. ges. Physiol., 
1935, 236, 59-76. 


21. Uber akustische Rauhigkeit, Zeits. tech. Physik, 1935, 16, 276-282 [344-354 

22. Uber die Herstellung und Messung langsamer sinusfórmiger Luftdruckschwank- 
ungen, Ann. Physik, 1936, 25, 413-432 [60-72]. 

23. Über die Hörschwelle und Fühlgrenze langsamer sinusförmiger Luftdruckschwank- 
ungen, Ann. Physik, 1936, 26, 554-566 [257-267]. 

24. Fortschritte der Hörphysiologie, Zeits. tech. Physik, 1936, 17, 522-528. 

25. Zur Physik des Mittelohres und über das Hören bei fehlerhaftem Trommelfell, 
Akust. Zeits., 1936, 1, 13-23 [104-115]. 

26. Photoelektrische Fourieranalyse eines Kurvenzuges, Elektr. Nachr. T'echn., 1937, 
14, 157-161. 

27. Über subjektive harmonische Teiltone, Akust. Zeits., 1937, 2, 149. 

28. Über die mechanische Frequenzanalyse einmaliger Schwingungsvorgünge "nd 
die Bestimmung der Frequenzabhüngigkeit von Übertragungssystemen und 
Impedanzen mittels Ausgleichsvorgüngen, Akust. Zeits., 1937, 2, 217-224 [78-81]. 

29. r die Entstehung der Entfernungsempfindung beim Hören, Akust. Z«..5., 
1938, 3, 21-31 [301-313]. 

30. Psychologie und Fernsprechtechnik, Forsch. u. Fortschr., 1938, 14, 342-344. 

31. r die piezoelektrische Messung der absoluten Hórschwelle bei Knochenleitung, 
Akust. Zeits., 1939, 4, 113-125 [148-163]. 

32. Über die mechanisch-akustischen Vorgänge beim Hören, Acta Oto-laryngol., 
1939, 27, 281-296, 388-396 [31-32]. 

33. Über die Vibrationsempfindung, Akust. Zeits., 1939, 4, 316-334. 

34. Über die Empfindlichkeit des stehenden und sitzenden Menschen gegen sinus- 
fórmige Erschütterungen, Akust. Zeits., 1939, 4, 360-369. 

35. Über die Stärke der Vibrationsempfindung und ihre objektive Messung, Aust. 
Zeils., 1940, 5, 113-124. 

36. Über die Sicherheit und Reproduzierbarkeit künstlerischer Urteile beim Rund- 


Al. 
42. 


43. 


= 


44. 
45. 
46. 


47. 


funk, Arbeitstagung der deutschen Fachbeirates für Sing- und Sprechkulture in 
Wien, April, 1940. 


. The neural terminations responding to stimulation of pressure and vibration, 


J. Exper. Psychol., 1940, 26, 514-519. 


. Über die Messung der Sehwingungsamplitude der Gehórknóchelchen mittels 


einer kapazitiven Sonde, Akust. Zeits., 1941, 6, 1-16 [20-23, 30-31, 53-57, 95-104]. 

Über die Elastizität der Schneckentrennwand des Ohres, Akust. Zeits., 1941, 6, 

265-278; On the elasticity of the cochlear partition, J. Acoust. Soc. Amer., 1948, 

20, 227-241 [23-25, 469-480]. 

Über die Schallausbreitung bei Knochenleitung, Zeits. f. Hals-, Nasen-, Ohren- 

heilk., 1941, 47, 430-442. 

= gg der eigenen Stimme, Anz. Akad. Wiss., Wien, Math.-nat. Kl., 
yv. s 

Über die Schwingungen der Schneckentrennwand beim Prüparat und Ohren- 

modell, Akust. Zeils., 1942, 7, 173-180; The vibration of the cochlear partition 

in anatomieal preparations and in models of the inner ear, J. Acoust. Soc. Amer., 

1949, 21, 233-245 [30, 429—446]. 

Über die Resonanzkurve und die Abklingzeit der verschiedenen Stellen der 

Schneckentrennwand, Akust. Zeits., 1943, 8, 66-76; On the resonance curve 

and the decay period at various points on the cochlear partition, J. Acoust, Soc. 

Amer., 1949, 21, 245-254 [446-460]. 

Uber die direkte mikroskopische Ausmessung der Resonanzschärfe und Dümpfung 

der sogenannte Ohrenresonatoren, Forsch. u. Fortschr., 1943, 19, 364-365. 

Über die mechanische Frequenzanalyse in der Schnecke verschiedener Tiere, 

Akust. Zeits., 1944, 9, 3-11 [500-510]. 

Über die Frequenzauflósung in der menschlichen Schnecke, Acta Oto-laryngol., 

1944, 32, 60-84 [535-539]. 

The variation of phase along the basilar membrane with sinusoidal vibrations, 

J. Acoust. Soc. Amer., 1947, 19, 452-460 [38-40, 460-469]. 


48. 


49. 
50. 


51. 


M. D- 


AUTHOR'S BIBLIOGRAPHY 713 


The sound pressure difference between the round and the oval windows and the 
artificial window of labyrinthine fenestration, Acta Oto-laryngol., 1947, 35, 301- 
315 [115-126]. 

A new audiometer, Acta Oto-laryngol., 1947, 35, 411-422 [81-91]. 

The recruitment phenomenon and difference limen in hearing and vibration sense, 
Laryngoscope, 1947, 57, 765. 

(With W. A. Rosenblith), The early history of hearing: Observations and theories, 
J. Acoust. Soc. Amer., 1948, 20, 727748. 


. Vibration of the head in a sound field, and its role in hearing by bone conduction, 


J. Acoust. Soc. Amer., 1948, 20, 749-760 [163-181]. 


- The structure of the middle ear and the hearing of one's own voice by bone 


conduction, J. Acoust. Soc. Amer., 1949, 21, 217-232 [181-203]. 


54. Über die Mondillusion, Experientia, 1949, 5, 326. 


. The moon illusion and similar auditory phenomena, Amer. J. Psychol., 1949, 62, 
540-552. 

. An interchangeable pencil-type micromanipulator, Science, 1950, 111, 667-669. 

. Suggestions for determining the mobility of the stapes by means of an endotoscope 


for the middle ear, Laryngoscope, 1950, 60, 97-110. 


. D-C potentials and energy balance of the cochlear partition, J. Acoust. Soc. 


Amer., 1950, 22, 576-582 [32, 636-647]. 


. (With W. A. Rosenblith), The mechanical properties of the ear, chap. 27 in 


8. 5. Stevens (ed.), Handbook of Experimental Psychology, New York, John Wiley 
& Sons, Inc., 1951, pp. 1075-1115. 


- Microphonics produced by touching the cochlear partition with a vibrating elec- 


trode, J. Acoust. Soc. Amer., 1951, 23, 29-35 [672-684]. 


- The coarse pattern of the electrical resistance in the cochlea of the guinea pig 


(eleetro-anatomy of the cochlea), J. Acoust. Soc. Amer., 1951, 23, 18-28 [36, 49-51, 
654-672]. 


52. Resting potentials inside the cochlear partition of the guinea pig, Nature, 1952, 


169, 241-242. 


- Micromanipulator with four degrees of freedom, Trans. Amer. Microscopic 


15s0c., 1952, 71, 306-310. La 
‘ resting potentials inside the cochlear partition, J. Acoust. Soc. Amer., 1952, 


24, 72-76 [647—654]. 


. Gross localization of the place of origin of the cochlear mierophonies, J. Acoust. 


Soc. Amer., 1952, 24, 399-409 [684-703]. 


- Direct observation of the vibrations of the cochlear partition under a microscope, 


Acta Oto-laryngol., 1952, 42, 197-201 [480-484]. 


- Description of some mechanical properties of the organ of Corti, J. Acoust. Soc. 


Amer., 1953, 25, 770-785 [34-35, 37-38, 485-500]. 


38. Shearing mierophonies produced by vibrations near the inner and outer hair 


cells, J. Acoust. Soc. Amer., 1953, 25, 786-790 [703-710]. 


. Note on the definition of the term: hearing by bone conduction, J. Acoust. Soc. 


Amer., 1954, 20, 106-107. 


. (With E. G. Wever and M. Lawrence), A note on recent developments in auditory 


theory, Proc. Nat. Acad. Sci., U.S., 1954, 40, 508-512. 


. Some electro-mechanical properties of the organ of Corti, Ann. of Otol. Rhinol. 


Laryngol., 1954, 63, 448. 


- Subjective cupulometry, A.M.A. Arch. of Otolaryngol., 1955, 61, 16-28. 
- Paradoxical direction of wave travel along the cochlear partition, J. Acoust. 


Soc. Amer., 1955, 27, 155-161 [510-524]. 


74. Human skin perception of traveling waves similar to those on the cochlea, J. 


Acoust. Soc. Amer., 1955, 27, 830-841 [547-568]. 


- Beitrag zur Frage der Frequenzanalyse in der Schnecke, Archiv f. Ohr- usw. 


Heilk., u. Z. Hals- usw. Heilk., 1955, 167, 238-255. 


76. Current status of theories of hearing, Science, 1956, 123, 779-783 [539-547]. ; 
- Preparatory and air-driven micromanipulators for electrophysiology, Rev. Sci. 


Instr., 1956, 27, 690-692 [40-49]. 


714 AUTHOR'S BIBLIOGRAPHY 
78. Simplified model to demonstrate the energy flow and formation of traveling 


79. 


waves similar to those found in the cochlea, Proc. Nat. Acad. Sci., U.S., 1956, 42, 
930-944 [524—534]. 

Sensations on the skin similar to directional hearing, beats, and harmonics of the 
ear, J. Acoust. Soc. Amer., 1957, 29, 489-501 [568-590]. 


. The ear, Scientific Amer., 1957, 197, 66-78. 
- Neural volleys and the similarity between some sensations produced by tones 


and by skin vibrations, J. Acoust. Soc. Amer., 1957, 29, 1059-1069 [590-609]. 


. Funneling in the nervous system, J. Acoust. Soc. Amer., 1958, 30, 399—412 [609- 
634]. 
. Pendulums, traveling waves, and the cochlea, Laryngoscope, 1958, 68, 317-327. 


REFERENCES 


Adrian, E. D. (1) The Basis of Sensation, New York, W. W. Norton & Company, 
Inc., 1928. (2) The mierophonie action of the cochlea: An interpretation of 
Wever and Bray's experiments, J. Physiol., 1931, 71, xxviii-xxix. 

Albert, K. Die Schwebung 15:16 im Innenohr nach Ort und Zeit, Zeits. Biol., 1951, 
104, 321-836. 

Alexander, Gustav, and Fischer, J. Prüparationstechnik des Gehörorganes, Berlin, 
Urban & Schwarzenberg, 1925. 

Andrejew, N. Drei einfache Methoden der technischen Akustik, Elektr. Nachr. 
T'echn., 1931, 8, 488. 

Attwood, Stephen S. Electric and Magnetic Fields, 2d ed., New York, John Wiley & 
Sons, Inc., 1941. 

Backhaus, H. (1) Über Strahlungs- und Richtwirkungseigenshaften von Schall- 
strahlern, Zeits. techn. Physik, 1928, 9, 491-495. (2) Über die Schwingungs- 
formen von Geigenkörpern, Zeits. Physik, 1930, 62, 143. (3) Uber die Bedeut- 
ung der Ausgleichsvorgiinge in der Akustik, Zeits. techn. Physik, 1932, 13, 31. 

Ballantine, S. (1) Effect of diffraction around the microphone in sound measure- 
ments, Phys. Rev., 1928, 32, 988. (2) Effect of cavity resonance on the fre- 
quency response characteristic of the condenser microphone, Proc. Inst. Radio 
Engrs., 1930, 18, 1206-1215. 

Bárány, E. ( 1) A contribution to the physiology of bone conduction, Acta Oto- 
laryngol., 1938, suppl. 26. (2) Hearing, Ann. Rev. Physiol., 1941, 3, 449. 

Bárány, R. Beziehungen zwischen Vestibularapparat und Cerebellum, Verhandl. 
deutsch. otolog. Gesellsch., 1910, 81. 

Barkhausen, H. Ein neuer Schallmesser für die Praxis, Zeits. techn. Physik, 1926, 7, 
599. 

Barkhausen, H., and Lewicki, G. Vorträge und Diskussionen von der 88 Versamm- 
lung deutscher Naturforscher und Arzte in Innsbruck, Phys. Zeits., 1924, 25, 537. 

Barlow, H. B, Summation and inhibition in the frog’s retina, J. Physiol., 1953, 119, 
69-88, 

Barlow, H. B., Fitzhugh, R., and Kufler, S. W. Change of the organization in the 
receptive fields of the cat’s retina during dark adaptation, J. Physiol., 1957, 137, 
338-354, ‘ 

Bartlett, F. C., and Mark, H. A note on local fatigue in the auditory system, Brit. 
J. Psychol., 1922, 13, 215-218. 

Beatty, R. T. Hearing in Man and Animals, London, G. Bell & Sons, Ltd., 1932. 

Beljers, H, J, Tijdschr. nederl. radiogenoots., 1934, 6, 115. 

Benecke, H. Uber die günstigste Raumdämpfung, Ann. Physik, 1932, 5, 259. 

Berendes, Z. Die Spannung der menschlichen Basilarmembran, Zeits. Hals- Nasen- 
Ohrenheilk., 1934, 36, 338-342. 

Berger, R, a) Über Erschütterungen; Gesundheits Ingenieur, 1913, 433, (2) Die 
Abwehr von Lärm und Erschütterungen, in W. Wien and F. Harms, Handbuch 
der experimentellen Physik, Leipzig, Akademische Verlagsgesellschaft m.b.H., 
1934, 17, part 3, 7-8. , 

Tnamont, J. (1) Fluctuations de résistance dans un conducteur métallique de 
faible volume, Compt. Rend. Acad. Sci., Paris, 1934, 198, 1755. (2) Étude 
*xperimentale des fluctuations de résistance dans un conducteur métallique de 
volume, Compt. Rend. Acad. Sci., Paris, 1934, 198, 2144. 

715 


716 REFERENCES 


Birkhoff, G. Hydrodynamics, a Study in Logic, Facts, and Similitude, Princeton, 
N.J., Princeton University Press, 1950. 

Bleeker, J. D., and De Vries, Hl. The microphonie activity of the labyrinth of the 
pigeon, I, The cochlea, Acta Oto-laryngol., 1949, 37, 289-297. 

Béhme, H. Dynamisches Verhalten von Schalldämmstoffen, Akust. Zeits., 1937, 2, 
303. 

Bogert, B. P. Determination of the effects of dissipation in the cochlear partition 
by means of a network representing the basilar membrane, J. Acoust. Soc. Amer., 
1951, 23, 151-154. 

Bolton, T. L. Rhythm, Amer. J. Psychol., 1894, 6, 145-238. 

Bonnier, P. De la nature des phénomènes auditifs, Bull. Sci. du Nord., 1895, 25, 
267-297. 

Braunmiihl, H. J. von. Ferniibertragung auf drahtlosem Wege, in W. Wien and 
F. Harms, Handbuch der experimentellen Physik, Leipzig, Akademische Verlags- 
gesellschaft m.b.H., 1934, part 3, 17, 270-312. 

Brecher, G. A. Die untere Hör- und Tongrenze, Pflüg. Arch. ges. Physiol., 1934, 234, 
380-393. 

Breisig, Franz. Lehrbuch der theoretischen Telegraphie. Brunswick, Germany, Vieweg- 
Verlag, 1910. 

Breuer, Carl. Kitte und Klebstoffe, Leipzig, 1922. 

Breuer, J. Über die Funktion der Otolithen-Apparate, Pflüg. Arch. ges. Physiol., 
1891, 48, 195-306. 

rn L. Fluctuations de courant dans un conducteur, Helv. phys. Acta, 1934, 

‚47. 

Brinitzer, W. Die Unterschiedsempfindlichkeit für Lautstärke bei Gehörerkrank- 

urgen; Versuche mit dem Otoaudion, Monatsschr. Ohrenheilk., 1935, 69, 1301- 
d 

Broom, R. (1) On the fate of the quadrate bone in mammals, Ann. and Mag. Nal. 
Hist., 1890, 2, 409. (2) On the structure of the internal ear and the relations 
of the basicranial nerves in Dicynodon, and on the homology of the mammalian 
auditory ossicles, Proc. Zool. Soc. London, 1912, 1, 419. 

Bruine-Altes, J. C. de. The Symptom of Regression in Different Kinds of Deafness, 
Dissertation, Groningen, 1946. 

Buchthal, F. Ein neuer Mikromanipulator mit Zusatzgeräten (Mikromesser und 
unpolarisierbare Mikroelektroden), Zeits. wiss, Mikr., 1941-1942, 58, 126. 

Buchthal, F., and Persson, C. R. A micromanipulative apparatus, J. sci. Instr., 


Budde, E. (1) Uber die Resonanztheorie des Hórens, Phys. Zeits., 1917, 18, 225-236, 
249-260. (2) Mathematische Theorie der Gehórsempfindung, in E. Abder- 
halden’s Handbuch der biologischen Arbeitsmethoden, Berlin, Urban & Schwarzen- 
berg, 1937, Abt. 5, Teil 7, Heft 1, 175. 

Burlet, H. M. de. Zur vergleichenden Anatomie und Physiologie des perilym- 

a re es Acta Oto-laryngol., 1929, 13, 152. 

urr, H. S. Field properties of the developing frog’ » Proc. Nat. Acad. Sci. U.S., 
1941, 27, ve ping frog's egg, Proc. Nat. Acad. Sci 

Bush, V. The differential analyzer: A new machine for solving differential equations, 
J. Franklin Inst., 1931, 212, 447. 

Carson, J. R. Electrical Circuit Theory and the Operational Calculus, New York, 
McGraw-Hill Book Company, Ine., 1926. 

Chambers, R., and Kopae, M. J. In C. E. McClung's Handbook of Microscopical 
Technique, New York, Paul B. Hoeber, Inc., 1937. 

Chapin, E. K., and Firestone, F. A. Influence of phase on quality and loudness: 

J The interference of subjective harmonies, J. Acoust. Soc. Amer., 1934, 5, 173-180. 

Chocholle, R., and Legouix, J. P. Facteurs intervenant dans la mesure des dis- 
torsions présentées par les potentiels microphoniques eochlöaires, J. de Physiol., 
1956, 48, 448-449. 

Cole, K. S., and Curtis, H. J. Electrical impedance of nerve during activity, Nature, 
1938, 142, 209. 


REFERENCES 717 


Coradi, G. Der Harmonische Analysator, Zürich, 1894. 

Corti, A. Recherches sur l'organe de l'ouïe des mammifères, Zeits. wiss. Zool., 1851, 
3, 109-169. 

Cotton, J. C. Resonance in soft-walled cylinders, J. Acoust. Soc. Amer., 1934, 5, 208. 

Crandall, I. B. Theory of Vibrating Systems and Sound, Princeton, N.J., D. Van 
Nostrand Company, Inc., 1926. 

Crowe, 8. J., Guild, S. R., and Polvogt, L. M. Observations on the pathology of 
high-tone deafness, Bull. Johns Hopkins Hosp., 1934, 54, 315-379. 

Dahmann, H. (1) Zur Physiologie des Hörens, Zeits. Hals- Nasen- Ohrenheilk., 
1929, 24, 462-497, (2) Zur Physiologie des Hérens, Zeits. Hals- Nasen- Ohren- 
heilk., 1930, 27, 329-368. 

Davis, H. The electrical phenomena of the cochlea and the auditory nerve, J. Acoust. 
Soc. Amer., 1935, 6, 205-215. 

Davis, H., Derbyshire, A. J., Lurie, M. H., and Saul, L. J. The electric response of 
the cochlea, Amer. J. Physiol., 1934, 107, 311-332. 

Davis, H., Fernández, C., and MacAulifie, D. R. The excitatory process in the 
cochlea, Proc, Nat. Acad. Sci., U.S., 1950, 36, 580-587. 

Davis, H., Gernandt, B. E., Riesco-MacClure, J. S., and Covell, W. P. Aural micro- 
phonies in the cochlea of the guinea pig, J. Acoust. Soc. Amer., 1949, 21, 502-510. 

Davis, H., and Saul, L. J. Action currents in the auditory tracts of the midbrain of 
the cat, Science, 1931, 74, 105. 

Denker, Alfred, and Kahler, O. (eds.). Handbuch der Hals- Nasen- Ohrenheilkunde, 
vol. 6, Die Krankheiten des Gehórorgans, part 1, Berlin, Springer-Verlag, 1926. 

De Vries, HI. (1) Minimum perceptible energy and Brownian motion in sensory 
processes, Nature, 1948, 161, 63. (2) Brownian movement and hearing, Physica, 
1948, 14, 48-60. (3) Die Reizschwelle der Sinnesorgane als physikalisches 
Problem, Experientia, 1948, 4, 205-213. (4) The minimum audible energy, 
Acla Oto-laryngol., 1948, 36, 230-235. (5) Struktur und Lage der Tektorial- 
membran in der Schnecke, untersucht mit neueren Hilfsmitteln, Acta Oto- 
laryngol., 1949, 37, 334-338. 

Diestel, H. G. Akustische Messungen an einem mechanischen Modell des Innen- 
ohres; Ein Beitrag zur Hydrodynamik der Cochlea, Acustica, 1954, 4, 489. 

Dietsch, G., and Fricke, W. Ein photoelektrisch-mechanisches Verfahren zur 
harmonischen Analyse periodischer Funktionen, Elektr. Nachr. Techn., 1932, 9, 
341. 

Dijkgraaf, S. (1) Über den "Temperatursinn der Fische, Zeils. vergl. Physiol., 1940, 
27, 587. (2) Bau und Funktionen der Seitenorgane und des Ohrlabyrinths bei 
Fischen, Experientia, 1952, 8, 205. 

Doty, H. A, The flexibility of diatom shells, J. appl. Micr. lab. Meth., 1900, 3, 991. 

DuVerney, Joseph Guichard. Traité de l'organe de l'ouïe, Paris, 1683; Leiden, 1731, 91. 

Egan, J. P., and Klumpp, R. G. The error due to masking in the measurement, of 
aural harmonies by the method of best beats, J. Acoust. Soc. Amer., 1951, 23, 
275-280. 

Emmermann, ©. Leica-Technik, Halle, Germany, W. Knapp Verlag, 1934. 

Engstrom, H, Microscopic anatomy of the inner ear, Acta Oto-laryngol., 1951, 40, 
5-22. 

Esser, M. H. M. The mechanism of the middle ear, Bull. math, Biophys., 1947, 9, 
29-40, 75-91. f 1 

Ewald, J. R. (1) Zur Physiologie des Labyrinths, VI, Eine neue Hórtheorie, Pflüg. 
Arch. ges. Physiol., 1899, 76, 147-188. (2) Zur Physiologie des Labyrinths, VII, 
Die Erzeugung von Schallbildern in der Camera acustica, Pftüg. Arch. ges. 
Physiol, 1003, 93, 485-500. (3) Bemerkungen zur Schallbildertheorie, Zen- 
tralbl. Physiol., 1914, 28, 756. yt 

Ewald, J. R., and Jäderholm, G. A. Die Herabsetzung der subjektiven Tonhöhe 
durch Steigerung der objektiven Intensität, Pflüg. Arch. ges. Physiol., 1908, 
124, 29. r e 

Exner, 8, Zur Lehre von den Gehórsempfindungen, Pflüg. Arch. ges. Physiol., 1876, 
13, 228-253. 


718 REFERENCES 


Eyring, C. F. Reverberation time in “dead” rooms, J. Acoust. Soc. Amer., 1930, 1, 
217-241. 

Fahrentholz, S., Kluge, J., and Linckh, H. E. Uber neue Quartzdruckmesskammern 
für das piezoelektrische Messverfahren, I, Phys. Zeits., 1937, 38, 73. 

Fechner, Gustav T. Elemente der Physchophysik, 2d ed., Leipzig, Von Breitkopf & 
Hartel, 1889. 

Firestone, F. A. (1) New analogy between mechanical and electrical Systems, J. 
Acoust. Soc. Amer., 1933, 4, 249. (2) The mobility method of computing the 
vibration of linear mechanical and acoustical systems: Mechanical-electrical 
analogies, J. appl. Physics, 1938, 9, 373. 

Fischer, M. H. Die Regulationsfunktionen des menschlichen Labyrinthes und die 
Zusammenhiinge mit verwandten Funktionen, Ergebn. Physiol., 1928, 27, 209-379. 

Fischer, O. Über ein von Max Wein geüussertes Bedenken gegen die Helmholtzsche 
Resonanztheorie des Hórens, Ann. Physik, 1908, 25, 118-134. 

Flanders, P. B. Method of measuring acoustic impedance, J. Acoust. Soc. Amer., 
1932, 4, 402-410. 

Fletcher, H. (1) Physical measurements of audition and their bearing on the theory 
of hearing, J. Franklin Inst., 1923, 196, 189-326. (2) Speech and He: ing, 
Princeton, N.J., D. Van Nostrand Company, Inc., 1929. (3) A space ‘ime 
pattern theory of hearing, J. Acoust. Soc. Amer., 1930, 1, 311-343. (4) ;ym- 
posium on wire transmission of symphonic music—reports in auditory perspec- 
tive: Basic requirements, Electr. Engng., 1934, 53, 9. (5) Auditory patterns, 
Revs. mod. Physics, 1940, 12, 47-65. (6) On the dynamies of the cochlea, J. 
Acoust. Soc. Amer., 1951, 23, 637-645. 

Fletcher, H., and Munson, W. A. Loudness, its definition, measurement and cal- 
culation, J. Acoust. Soc. Amer., 1933, 5, 82-108. 

Fowler, E. P. (1) Marked deafened areas in normal ears, Arch. Otolaryngol., 1928, 
8, 151-155. (2) A method for the early detection of otosclerosis: A study of 
sounds well above threshold, Arch. Otolaryngol., 1936, 24, 731. (3) The diag- 
nosis of diseases of the neural mechanism of hearing by the aid of sounds well 
above threshold, Laryngoscope, 1937, 47, 289. 

Frank, O. Die Leitung des Schalles im Ohr, Sitzungsber. Akad. Wiss. München, 
math.-phys. Kl, 1923, 53, 11-77. 

French, N. R., and Steinberg, J. C. Factors governing the intelligibility of speech 
sounds, J. Acoust. Soc. Amer., 1947, 19, 90-119. 

Frey, M. v. Die Tangorezeptoren des Menschen, in A. Bethe (ed.), Handbuch der 
normalen und pathologischen Physiologie, 11, Receptionsorgane I, Berlin, Springer- 
Verlag, 1926, 97. 

Frey, M. v., and Goldman, A. Der zeitliche Verlauf der Einstellung bei den Druck- 
empfindungen, Zeits. Biol., 1914, 65, 183. 

Frocht, Max. Photoelasticity, New York, John Wiley & Sons, Inc., 1941. 

Fumagalli, Z. Ricerche morfologiche sull’ apparato di transmissione del suono, 
Arch. ital. Otol. Rinol. Laringol., 1949, 60, suppl. 1. 

Galambos, R. Suppression of the auditory nerve activity by stimulation of efferent 
fibers to the cochlea, J. Neurophysiol., 1956, 19, 424-437. 

Garten, §. Beiträge zur Vokallehre, I, Analyse der Vokale mit dem Quinckeschen 
"Ope Abhandl. Sächs. Akad. Wiss., Leipzig, math.-phys. Kl., 1921, 

, no. 7. 
a Rawdon-Smith, A. F. Origin of the cochlear effect, Nature, 1937, 
, 670. 

Geficken, W. Untersuchungen über Schwellenwerte, III, Über die Bestimmung der 
Reizschwelle der Hórempfindung aus Schwellendruck und Trommelfellimpedanz, 
Ann. Physik, 1934, 19, 829-848. 

Geffeken, W., and Keibs, L. Über die Bestimmung der Reizschwelle der Hóremp- 
findung aus Schwellendruck und Trommelfellimpedanz, Ann. Physik, 1933, 16, 
404. 

Geiger, P. H., and Firestone, F. A. The estimation of fractional loudness, J. Acoust. 
Soc. Amer., 1933, 5, 26. 


REFERENCES 719 


Geldard, F. A. (1) The perception of mechanical vibration, J. gen. Psychol., 1940, 
2, 243-308. (2) Hearing through the skin, Research Revs., October, 1954. 
Gerdien, H., Pauli, H., and Trendelenburg, F. Untersuchungen über Erschiit- 

terungsschwingungen und Geräusche, Zeits. techn. Physik, 1929, 10, 374. 

Gerlach, E. Messung von Schall-Druckamplituden, Wiss. Veróffentlich. Siemens- 
Konzern, 1923, 3, 139. 

Gildemeister, M. Probleme und Ergebnisse der neueren Akustik, Zeits. Hals- Nasen- 
Ohrenheilk., 1930, 27, 299-328. 

Goldberg, E. Herstellung von starken Verkleinerungen, Zeits. techn. Physik, 1926, 7, 
500. 

Gray, A. A. On a modification of the Helmholtz theory of hearing, J. Anat. Physiol., 
1900, 34, 324—350. 

Gray, T. S. A photoelectric integraph, J. Franklin Inst., 1931, 212, 77. 

Grimm, K. Der Einfluss der Zeitform auf die Wahrnehmung der Zeitdauer, Zeits. 
Psychol., 1934, 132, 104. 

Guild, S. R. Correlations of histologic observations and the acuity of hearing, Acta 
Oto-laryngol., 1932, 17, 207-249. 

Haas, H. Uber den Einfluss eines Einfachechos auf die Hórsamkeit von Sprache, 
Acustica, 1951, 1, 49-58. 

Hühnle, W. Die Darstellung elektromechanischer Gebilde durch rein elektrische 
Schaltbilder, Wiss. Veróffentlich. Siemens-Konzern, 1932, 11, 1. 

Hahnemann, W., and Hecht, H. (1) Der mechanisch-akustische Aufbau eines 
Telephons, Ann. Phys. Chem., 1919, 60, 454-480. (2) Entgegnung auf die 
Bemerkung von M. Wien zu unserer Arbeit; Der mechanisch-akustische Aufbau 
eines Telephons, Ann. Phys. Chem., 1921, 64, 671. s 

Hallpike, C, S., Hood, J. D., and Byford, G. H. The design, construction and per- 
formance of a new type of revolving chair, Acta Oto-laryngol., 1952, 42, 511-538. 

Hallpike, C. S., and Rawdon-Smith, A. F. (1) The Helmholtz resonance theory of 
hearing, Nature, London, 1934, 133, 614. (2) The origin of the Wever and Bray 
phenomenon, J. Physiol., 1934, 83, 243. (3) The Wever and Bray phenomenon: 
A summary of the data concerning the origin of the cochlear effect, Ann. Otol. 
Rhinol. Laryngol., 1937, 46, 976. " 

Hardesty, I. On the nature of the tectorial membrane and its probable role in the 
anatomy of hearing, Amer. J. Anat., 1908, 8, 109-179. : 

Harris, J. D., and Meyers, C. K. The emergence of a tonal sensation, J. exper. 
Psychol., 1949, 39, 228-237. : 

Hartline, H. K. The receptive fields of optic nerve fibers, Amer. J. Physiol., 1940, 
130, 690-699. " 

Hartmann-Kempf, R. Direkt zeigender Frequenzmesser fiir Frequenzen bis ca. 1500 
Perioden per Sekunde, Phys. Zeits., 1910, 11, 1183. a 1 

Hartridge, H. A vindication of the resonance hypothesis of audition, Brit. J. Psychol., 
1921, 12, 142-146. A ; Y 

Hasse, Carl. Die vergleichende Morphologie und Histologie des háutigen Gehór- 
organes der Wirbelthiere, Anat. Stud., 1873, 1. "m Na 1 

Hausmann, T. Neue und endgültige Belege für das Vorhandensein einer tiefen 
Druckempfindung, Zeits. Biol., 1933, 94, 264. m . 

Hecht, H., m Fischer, F. A. In W. Wien and F. Harms, Handbuch der Ezperi- 
mentellen Physik, Technische Akustik, Leipzig, Akademische Verlagsgesellschaft 
m.b.H., 1934, 17, part 2, 308. 

Held, H. Die Cochlen der Bäuger und der Vögel, in A. Bethe (ed.), Handbuch der 
normalen und pathologischen Physiologie, 11, Receptionsorgane I, Berlin, Springer- 
Verlag, 1926, 467. ^ 

Held, H. And Kleinknecht, F. Die lokale en = Basilarmembran und 
ihre Hörlücken, . Arch. ges. Physiol., 1927, , 1-91. > R 

Helmholtz, H. L. iun Die Lehre von den Tonempfindungen als physiologische 
Grundlage fur die Theorie der Musik, Ist ed., Brunswick, Germany, Vieweg- 
Verlag, 1863; Eng. trans. by A. J. Ellis, On the sensations of tone, 2d Eng. ed., 
1885. (2) Über die Mechanik der Gehórknóchelchen und des Trommelfells, 


720 REFERENCES 


Pflüg. Arch. ges. Physiol., 1868, 1, 1-60. (3) Studien über electrische Grenz- 
schichten, Ann. Physik., 1879, 7, 337. - 

Hensen, V. (1) Zur Morphologie der Schnecke des Menschen und der Süugetiere, 
Zeits. wiss. Zool., 1863, 13, 481-512. (2) Die Fortschritte in einigen Teilen der 
Physiologie des Gehórs, Ergebn. Physiol., 1902, 2, 848-895. 

Herzog, H. Die Mechanik der Knochenleitung im Modellversuch, Zeits. Hals- 
Nasen- Ohrenheilk., 1930, 27, 402-408. 

Hilding, A. C. Studies on the otic labyrinth, I, On the origin and insertion of the 
tectorial membrane; II, A theory on the stimulation of the organ of Corti by 
sound vibrations, Ann. Otol. Rhinol. Laryngol., 1952, 61, 354-383. 

Holst, E. v. (1) Personal communication, June, 1949. (2) Die Arbeitsweise des 
Statolithenapparates bei Fischen, Zeits. vergl. Physiol., 1950, 32, 60-120. (3) Die 
Tütigkeit des Statolithenapparates im Wirbeltierlabyrinth, Naturwissenschaften, 
1950, 37, 265-272. 

Hornbostel, E. M. v. (1) Beobachtungen über ein- und zweiohriges Hóren, Psychol. 
Forsch., 1923, 4, 64. (2) Neue Beitrüge zur physiologischen Hórtheorie, Jah- 
resber. Phys. exp. Pharmakol., 1928, 9, 753. (3) Das raümliche Hóren, in A. 
Bethe (ed.), Handbuch der normalen und pathologischen Physiologie, Berlin, 
Springer-Verlag, 1926, 11, 602-618. 

Hornbostel, E. M. v., and Wertheimer, M. Ueber die Wahrnehmung der Schall- 
richtung, Sitzungber. Akad. Wiss., Berlin, 1920, 15, 388-396. 

Hort, W., and T) homa, A. Die Differentialgleichungen der Technik und Physik, 3d ed., 
Munich, Johann Ambrosius Barth, 1939, 364. 

Howe, H. A., and Guild, S. R. Absence of the organ of Corti and its possible relation 
to electric auditory nerve responses [Abstract], Anat. Rec., 1933, 55, 20-21. 
Huggins, W. H., and Licklider, J. C. R. Place mechanisms of auditory frequency 

; analysis, J. Acoust. Soc. Amer., 1951, 23, 290-299. 

Huizing, Hi Ginw€h) Audiometrie, 1941. (2) De Regressiefaetor en zijn beteekenis 
bij het functioneele gehooronderzoek en de gehoorprothese, Neder. Tijds. Gencesk., 
1941, 85, 4529. 

Hunt, R. S. Damping and selectivity of the inner ear, J. Acoust. Soc. Amer., 1942, 
14, 50-57. 

Hurst, C. H. A new theory of hearing, Trans. Liverpool Biol. Soc., 1895, 9, 321-353. 

“Hütte,” Des Ingenieurs Taschenbuch, 24 Aufl., Berlin, W. Ernst und Sohn, 1923, 1, 719. 

Janovsky, W. (1) Ueber die Hörbarkeit von Verzerrungen, Elektr. Nachr. Techn., 
1929, 6, 421-439. (2) Über den Zusammenhang zwischen Schallempfindung 
und Schallreiz und seinen Einfluss auf die Hórbarkeit von Verzerrungen, Zeils. 
techn. Physik, 1931, 12, 611. 

Janovsky, W., and Spandóck, F. Aufbau und Untersuchung eines Schallgedämpften 

au Has = Akust. Zeits., 1937, 2, 322, 

lietot, R., Spoor, A., and De Vries, Hl. The microphoni ivi "ral line, 
J. Physiol., 1952, 116, 137-157. TET S briser 

Johnson, K. S. Transmission Circuits for Telephonic Communication, Princeton, 
N.J., D. Van Nostrand Company, Inc., 1924. 

Jones, I. H., and Knudsen, V. 0. Audiometry and the prescribing of hearing aids, 
Laryngoscope, 1936, 46, 523. 

Jung, „Untersuchungen zu den Theorien des Hörens, Akust. Zeits., 1940, 5, 
Kato, T. Zur Physiologie der Binnenmuskeln des O i iol., 
1913, 150, 569-625. des Ohres, Plüg. Arch. ges. Physi 
Katsuki, Y., and Covell, W. P. The organ of Corti by phase contrast microscopy, 

Laryngoscope, 1953, 63, 1. 

Katz, D. Methoden der Untersuchung des Vibrationssinnes, in E. Abderhalden’s 
Handbuch der biologischen Arbeitsmethoden, Berlin, Urban & Schwarzenberg, 
1937, Abt. 5, Teil 7, 879-918. 

Keidel, W. D. (1) Messung der Hautwellengeschwindigkeiten bei Vibrationsreizen 
am Menschen, Pflüg. Arch. ges. Physiol., 1952, 255,213-227. (2) Aktionspoten- 
tiale des N. dorsocutaneus bei niederfrequenter Vibration der Froschrückenhaut, 


REFERENCES 721 


Pflüg. Arch. ges. Physiol, 1955, 260, 416-436. (3) Vibrationsreceptoren; Der 
Erschüngssinn des Menschen, Erlangen, Universitütsbund, 1956. 

Keidel, W. D., and Schmidt, H. G. Hautwellenlängen und dynamischer Scher- 
elastizitütskoeffizient der menschlichen Körperoberfläche bei Vibrationen mit 
50 Hz, Pflüg. Arch. ges. Physiol., 1955, 260, 274-291. 

Kerekes, G. Klinisch-experimentelle Untersuchungen über die Beziehungen zwischen 
endolabyrinthärem Druck und Hörfunktion, Zeits. Hals- Nasen- Ohrenheilk., 
1927, 18, 458-408. 

Kessel, J. Ueber das Hóren von Tónen und Gerüuschen, Arch. Ohrenheilk., 1882, 
18, 136-151. 

Kingsbury, B. A. A direct comparison of the loudness of pure tones, Phys. Rev., 
1927, 29, 373, 588-600. 

Kircher, Athanasius. Misurgia Universalis, Romae, 1650. 

Kleinknecht, F. Methoden zur Erforschung des Kochlearapparates, in E. Abder- 
halden’s Handbuch der biologischen Arbeitsmethoden, Berlin, Urban & Schwarzen- 
berg, 1937, Abt. 5, Teil 7, Heft 11, 1541-1660. 

Klemm, 0. Uber die Wirksamkeit kleinster Zeitunterschiede auf dem Gebiete des 
Tastsinns, Arch. ges. Psychol., 1925, 50, 205-220. 

Knudsen, Vern O. (1) The sensibility of the ear to small differences in intensity and 
frequency, Phys. Rev., 1923, 21, 84-103. (2) "Hearing" with the sense of 
touch, J. gen. Psychol., 1928, 1, 320-352. (3) Hearing of speech in auditoriums, 
J. Acoust. Soc. Amer., 1929, 1, 56-82. (4) Resonance in small rooms, J. Acoust. 
Soc. Amer., 1932, 4, 20. (5) Architectural Acoustics, New York, John Wiley & 
Sons, Ine., 1932. (6) Recent developments in architectural acoustics, Rev. 
mod. Phys., 1934, 6. 

Knudsen, Vern, O., and Jones, I. H. Bone conduction, Arch. Otolaryngol., 1931, 13, 
489-505. 

Kobrak, H. G. Round window membrane of the cochlea, Arch. Otolaryngol., 1949, 
49, 36-47. 

Köhler, W. (1) Akustische Untersuchungen I, Zeits. Psychol. 1909, 54, 241-289. 
(2) Zur Theorie des Sukzessivvergleichs und der Zeitfehler, Psychol. Forsch., 
1923, 4, 115-175. 

Kölliker, Albert. (1) Über den Bau und die Verbreitung der glatten Muskeln, 
Zeils. wiss, Zool, 1849, 1, 55. (2) Mikroskopische Anatomie oder Gewebelehre 
des Menschen, Leipzig, W. Englemann, 1852, 2, 749. 

Kohler, I. Über Aufbau und Wandlungen der Wahrnehmungswelt, Sitzber. Osterr. 
Akad, Wiss., philos.-hist. KL, 1951, 227, Abt. 1, 177. 1 
Kolmer, W. (1) Der Bau der Endapparate des Nervus octavus und deren physiolo- 
gische Deutung, Ergebn. Physiol., 1911, 11, 372. (2) Mikroskopische Anatomie 
des Nervósen Apparates des Ohres, in G. Alexander and O, Marburg's Handbuch 
der Neurologie des Ohres, Berlin-Vienna, Urban & Schwarzenberg, 1924, I, part 1, 

101. 

Krause, W. Allgemeine und microscopische Anatomie, in Carl F. T. Krause's 
Handbuch der menschlichen Anatomie, 1927, I. k Mainin 

Kucharski, P Schwingungen von Membranen in einer pulsierenden Flüssigkeit 
(Ein Beitrag zur Resonanztheorie des Hörens), Phys. Zeits., 1930, 31, 264-280. 

Kühl, A. Über den Einfluss des Grenzkontrastes auf Präzisionsmessungen, Phys. 
Zeita., 1928, 29, 1. : " 

Kufler, 8. W Discharge patterns and functional organization of mammalian retina, 
J. Neurophysiol., 1953, 16, 37-68. Au. 1 

Kuhl, Walter. Ueber die Abhängigkeit der Lautstärke des subjektiven Differenz- 
tones von der Frequenz der Primürtóne, Akust. Zeits., 1939, 4, 43-50. | 

Kuile, E. ter. (1) Die Ubertragung der Energie von der Grundmembran auf die 
Haarzellen, Pflüg. Arch. ges. Physiol, 1900, 79, 146-157. (2) Die richtige 
Bewegungsform der Membrana basilaris, Pflüg. Arch. ges. Physiol, 1900, 79, 
484-509 

Kupfer, E. On the origin of the Wever-Bray response and on an electrotherapy of 
the ear, J. Laryng., London, 1938, 53, 16-31. 


722 REFERENCES 
arte, 
Landes, G. Zur Physik der normalen Lungenperkussion, Deutsch. Arch. klin Med, 


v 
Lane, C. E Binaural beata, Phys Rew, 1025, 26, 401-412. 
Phetoctemente und ihre Anwendungen, Munich, Johann Ambrosius 


Langenbeck, B. (1) Experimentelles und Theoretisches zur Frage der Hörschwelioo- 
pm D i pm Phys, 1031, 226, 11-46. (2) Das Symme- 
Inegrmets "Tasubheit, Zeit. Hale Nasen- Ohrenheilk, 1936, 39, 
721-201. 

Lawrence, M., and Yantis, P. A Onset and growth of aural harmonics in the over- 
loaded ear, J. Acoust, Soc. Amer., 1056, 28, 852-858. 


; 
i 


le 
r Allred. „Die körperlichen Äusserungen prychischer Zustände, trann by 
Lehner, Sigmund. — Kite und Klebmittel, Vienna, 1932. 
Lewis, D. Support for the exploring tone method of measuring aural harmonics, 


L 
Lincke, Carl Gustav. Handbuch der theoretischen und praktischen Ohrenheilkunde, 


ee 1837. 
Ling, G Gerard, R. W. The normal potential of sartorius fibers, J. Cell. 
Comp. QUE. 1949, 34, 383-396. 2 n 
pese. . Expériences électrocapillaires, J. de Phys. Radium, 187 3, ser. 1, 41. 
Men. Mech 1922, 2, 153. d ihon Any Zt 
ange. ech., 
Lowy, K. (1) Cancellation of the electrical cochlear response ith air-conducted 
and bone-conducted sound, J. Acoust. Soc. Amer., 1942, 14, 150-158. (2) 
tion of a property of the inner ear predicated by Békésy's 


model, J. 
Lux, F. Ueber die Resonanztheorie me 
1917, 18, 225-236, 249-260. ses Hörens, reported by E. Budde, Phys Zcits 


d E. Handbook of Microscopical Technique, New York, Paul B. Hoeber, 


theilter Lichtreize, Sitzungsber. Akad. Wiss., Wien, math.-nat. KL, 1866, Abt. 
2,54, 131. (4) Beitrag zur Analyse der Empfindungen 1886. 18° 
Ernst, Die Funktion der Trommelhöhle und der Tuba Eus- 
x Be rg Akad. Wiss, dae in, ol KI., 1872, Abt. 3, 66, 337-343. 
acNair, W. A. Optimum reverbera: or auditoriums, J. . Soc. 
Amer., 1930, 1, are ee 
Mader, O. Ein einfacher onischer Analysator mit belicbi Basis, Elektrotechn. 
Zeits., 1909, 30, 847. rd 
Mangold, E. Das äussere und das mittlere Ohr und ihre physiologischen Funk- 
tionen, in A. Bethe (ed.), Handbuch der normalen und pathologischen Physiologie, 
Berlin, Springer-Verlag, 1926, 11, 406-435. 


REFERENCES 723 


G. de. Audiometrisehe Untersuchungen über das Verhalten des normalen 
und schwerhórigen Ohres bei funktioneller u. nehmt Bemerkungen zur 


ppl. 3 

the, L 8. (ed). Mechanical Engineers "Handbook, New York, MeGraw-Hill Book 
Company, Inc., 4th ed., 1941, 455, 461, 477 
tus, John, and. Zeluff, v. Blectronies for Engineers, New York, MeGraw-Hill 
Book ar eme Ine., 1945, 12 

Über Tonhöbe und. Dämpfung der Schwingungen von Saiten in ver- 
- schiedenen Flüssigkeiten, Ann. Physik, 1925, 77, 727 
field, T. Acoustic control of recording for talking motion pictures, Trans. So. 
Motion Pict. Engr., 1930, 14, 85. 
n O. Das anatomische Substrat der Altersschwerhörigkeit, Arch. Ohren- 
E Nasen- Kehlkopfheilk., 1919, 105, 1-13. 


fahren der [ura nii Zeits. techn. Physik, 1930, 11, 253. (4) Schall- 

technische Eigenschaften des Flachglases, Glastechnische Ber., 1932, Ber. 10, 4, 

200. (5) Akustische Messtechnik, in W. Wien and F. Harms, Handbuch der experi- 

mentellen Physik, Leipzig, Akademische Verlagsgesellschaft m.b.H., 1934, 17, 
2,76. (6) Die Messung von Hörschwellen mit dem Überlagerungssummer, 

ils. Hals- Nasen- Ohrenheilk., 1930, 27, 418. 

, E., and Cremer, L. Über die Hórsamkeit holzausbekleideter Raüme, Zeits. 

techn. Physik, 1933, 14, 500. 

yer, E., and Keidel, L. Róhrenvoltmeter mit logarithmischer Anzeige und seine 

rwendungen:i in der Akustik, Elektr. Nachr. Techn., 1935, 12, 37. 

Be. E., and Waetzmann, E. Über den Grad der Dämpfung der Ohrresonatoren, 

p Naturwissenschaften; 1925, 13, 268-271. 

, Max F. (1) Zur Theorie der Differenztóne und der Gehörsempfindungen 

überhaupt, Zeits. Psychol, 1898, 16, 1-34. (2) Ueber die Intensität der Einzel- 

~ tóne zusammen gesetzter Klänge, Zeits. Psychol., 1898, 17, 1-14. 

"Micksch, Karl. Taschenbuch der Kille und Klebstoffe, 2d ed., Stuttgart, 1941. 

Moe, C. R. An experimental study of subjective tones produced within the human 

ear, J. Acoust. Soc. Amer., 1942, 14, 159-166. 

Müller, Johannes, and Pouillet, Claude S. M. Lehrbuch der Physik, 11th ed., vol. 1, 

1 Brunswick, Germany, Vieweg-Verlag, 1934. 

Nernst, Walther. (1) Theoretische Chemie vom Standpunkte der Avogadro'schen 

Regel und der Thermodynamik, Stuttgart, Ferd. Enke Verlag, 1898, Eng. trans. 

by H. T. Tizard, London, Macmillan & Co., Ltd., 1916. (2) Zur Theorie des 

„elektrischen Reizen, Pftüg. Arch. ges. Physiol., 1908, 122, 275. 

nst, W., and Reisenfeld, E. H. Ueber elektrolytische Erscheinungen an der 

ht _Grenzflache zweier Lösungsmittel, Ann. Physik, 1902, 8, 600. 

Neubert, K. Die Basilarmembran des Menschen und ihr Verankerungssystem (Ein 

Besorphologischer Beitrag zur Theorie des Hörens), Zeits. Anat. Entwickl., 1950, 

114, 539-588. 

n, G. 8. (1) Ueber die Definition des Tons, nebst daran geknüpfter Theorie der 

Sirene und ähnlicher tonbildender Vorrichtungen, Ann. Physik, 1843, 59, 497- 

565. (2) Noch ein Paar Worte über die Definition des Tons, Ann. Physik,- 

1844, 62, 1-17. 

on, H. F. Dynamic Analogies, Princeton, N.J., D. Van Nostrand Company, Inc., 

1943, 94-90. 

Ison, F., and meets B. The reverberation time bridge, J. Acoust. Soc. Amer., 


heating: A new method of demonstration of the recruitment phenomena, Acta 
fi» osa 1955, 45, 513-581. 


124 REFERENCES 


Pattie, F. A., Jr. A further experiment on auditory fatigue, Brit. J. Psychol., 1929, 
20, 38-42. 

Pauli, Richard. (1) Psychologisches Praktikum, 3d ed., Jena, Fischer Verlag, 1923 
(2) Über psychische Gesetz mássigkeiten, Jena, Fischer Verlag, 1920. 

Penfield, Wilder, and Boldrey, E. Somatie motor and sensory representation in the 
cerebral cortex of man as studied by electrical stimulation, Brain, 1937, 60, 
389-443. 

Penfield, Wilder, and Rasmussen, T. The Cerebral Cortez in Man, New York, The 
Maemillan Company, 1950, 25. 

Peterson, L. C., and Bogert, B. P. A dynamical theory of the cochlea, J. Acoust. 
Soc. Amer., 1950, 22, 369-381. 

Planck, M. Ueber die Potentialdifferenz zwischen zwei verdünnten Lösungen 
binärer Electrolyte, Ann. Physik, 1890, 40, 561. $ 

Pohl, R. W. Mechanik und Akustik, Berlin, Springer-Verlag, 1930. 

Politzer, Adam. (1) Untersuchungen über die Schallfortpflanzung und Schall>itung 
im Gehörorgane (im gesunden und kranken Zustande), Arch. Ohrenheilk., 1864, 
1, 59-73. (2) Wandlafeln zur Anatomie des Gehörganes, 1873. (3) Zergliederung 
des menschlichen Gehórorganes, Stuttgart, Ferd. Enke Verlag, 1889. 

Pollack, I. The atonal interval, J. Acoust. Soc. Amer., 1948, 20, 146-149. 

Pritchard, U. The cochlea of the Ornithorhynchus platypus compared with that of 
ordinary mammals and of birds, Trans. Roy. Soc. London, 1881, 172, part II, 
267. 


Procopiu, S. Sur la force électromotrice produite par le déplacement relatif d'une 
électrode et d'un électrolyte, J. Chim. phys., 1921, 19, 121. 

Quincke, G. Ueber die Fortführung materieller Theilchen durch strömende Elek- 
trieität, Ann. Phys. Chemie, 1861, 113, 513. 

Rabinovich, A. V. Effeet of distance in the broadeasting studio, J. Acoust. Soc. 
Amer., 1935, 7, 199. 

Ranke, Otto F. (1) Die Gleichrichter-Resonanztheorie, Munich, J. Llehmann, 1931. 
(2) Physiologie der Schnecke und des Cortischen Organs, Ergebn. Physiol., 
1935, 37, 12-81. (3) Das Massenverhältnis zwischen Membran und Flüssigkeit 
im Innenohr, Akust. Zeits., 1942, 7, 1-11. (4) Theory of operation of the cochlea: 
Contribution to the hydrodynamies of the cochlea, J. Acoust. Soc. Amer., 1950, 
22, 772-777. (5) Hydrodynamik der Schneekenflüssigkeit, Zeits. Biol, 1950, 
103, 409. (6) Physiologie des Gehórs, Berlin, Springer-Verlag, 1953. 

Ranvier, L. Traité technique d'histologie, Paris, F. Savey. 

né Lord. Theory of Sound, London, Macmillan & Co., Ltd., 1877, reprinted 

Rejtó, A. Beitrüge zur Physiologie der Knochenleitung, Verh. Deutsche. otol. Ges., 
1914, 23d Versammlung, 268-285. Jena, Fischer Verlag, 1914. 

Renaut, J. Traité d’histologie pratique, II, Paris, Rueff, 1893-1899. 

hs M. Note on reverberation characteristics, J. Acoust. Soc. Amer., 1934, 

Retzius, G. Das Gehórorgan der Wirbeltiere, vol. I, Gehörorgan der Fische und Am- 
phibien; II, Das Gehörorgan der Reptilien, der Vógel, und der Sdugetiere, Stock- 

et hes DM m Wallin, 1881, 1884. 

ynolds, O. On the refraction of sound b: 
tori o RD, y the atmosphere, Proc. Roy. Soc. London, 
Riegger, H. Objective Klangaufzeichnung mittels des Kondensatormikrophons, 
, quoted in F. Trendelenburg, Wiss. Veróffentl. Siemens-Konzern, 1924, 3, 43. 

Riesz, R. R. (1) Differential intensity sensitivity of the ear for pure tones, Phys. 
Rev., 1928, 31, 867. (2) The relationship between loudness and the minimum 
perceptible increment of intensity, J. Acoust. Soc. Amer., 1933, 4, 211-216. 

gu a E. The analysis of sound waves by the cochlea, Phil, Mag., 1922, 43, 349- 

TM W. H. Discrimination by sense of touch, J. Franklin Inst., 1932, 213, 286- 

Robinson, C. A direct-reading frequency meter for telephone Office 

elect. Engng. J., 1923, 16, 171. » j — Eno 


REFERENCES 725 


Rohracher, H. Mechanische Mikroschwingungen des menschlichen Kérpers, Vienna, 
Urban & Schwarzenberg, 1949. 

oux, W. Gesamte Abhandlungen über die Entwicklungsmechanik der Organismen, 

_ Leipzig, W. Engelmann, 1895. 

Ruch, T. C. (1) Sensory mechanisms, in S. S. Stevens’ Handbook of Experimental 

- Psychology, New York, John Wiley & Sons, Inc., 1951, 121-153. (2) Somatic 

sensations, in J. Fulton (ed.), Howell's Textbook of Physiology, 17th ed., Phila- 

delphia, W. B. Saunders Company, fig. 199, p. 325. (3) Audition and the 

auditory pathways, ibid., pp. 399-423. 

ge, C., and Emde, F.  Rechnungsformulare, Brunswick, Germany, Vieweg-Verlag, 

913. 

utherford, W. The sense of hearing, J. of Anat. Physiol., 1886, 21, 166-168. 

ine, W. C. Collected Papers on Acoustics, Cambridge, Mass., Harvard University 

© Press, 1922. 

ia, C. F. Photomechanical wave analyser applied to inharmonie analysis, J. 

Opt. Soc. Amer., 1924, 9, 487. 

L. J., and Davis, H. (1) Electrical phenomena of the auditory mechanism, 
Trans. Amer. Otol. Soc., 1932, 22, 137-145. (2) Action currents in the central 
— nervous system, Arch. Neurol. Psychiat. 1932, 28, 1104. 
üfer, K. L., and Giesswein, M. Physiologie des aüsseren und mittleren Ohres 
und der Schnecke, in Alfred Denker and O. Kahler's Handbuch der Hals- Nasen- 
Ohrenheilkunde, vol. 6, Die Krankheiten des Gehórorgans, part 1, Berlin, Springer- 
Verlag, 1926, 389-518. 

Schelhammer, Gunther C. De auditu, liber unus, Lugduni Batavorum, 1684. 

Schmiescheck, U. Experimenteler Nachweis der Vibrationsbewegungen physik- 

alischer Molekiile, Zeits. tech. Physik, 1934, 15, 178. 

Schouten, J. F. Synthetischer Schall, Philips Tech. Rundschau, 1939, 4, 176-183. 

Schuster, K. Messung von akustischen Impedanzen dureh Vergleich, Elektr. Nachr. 
Techn., 1936, 13, 164. 

Schuster, K., and Waetzmann, E. Über den Nachhall in geschlossenen Räumen, 

Ann. Physik, 1929, 1, 671. 

Schwarz. Gesichtspunkte für den Bau von Knochentelefonen, Zeits. Hals- Nasen- 
Ohrenheilk., 1930, 27, 434. N 

Sell, H. (1) Drei Demonstrationsversuche auf dem Gebiete der Schwingungstechnik, 
Zeits. techn. Physik, 1927, 8, 226. (2) Eine neue kapazitive Methode zur 
Umwandlung mechanischer Schwingungen in elektrische und umgekehrt, Zeits. 
techn. Physik, 1937, 18, 3. 

Shambaugh, G. E. (1) Die Membrana tectoria und die Theorie der Tonempfindung, 
Zeits. Ohrenheilk., 1909, 59, 159-168. (2) Das Verhältnis zwischen der Mem- 
brana tectoria und dem Cortischen Organ, Zeits. Ohrenheilk., 1910-1911, 62, 
235-240. 

Sherrington, Charles. The Integrative Action of the Nervous System, New Haven, 

_ , Conn., Yale University Press, 1947. 

Sivian, L. J. Acoustic impedance of small orifices, 


J. Acoust, Soc. Amer., 1935, 


7, 94. 

Sivian, L. J., and White, S. D. On minimum audible sound fields, J. Acoust. Soc. 
Amer., 1933, 4, 288-321. ^" $ 

Skramlik, Emil v. Psychophysiologie der Tastsinn, Leipzig, Akademische Verlags- 
gesellschaft m.b.H., 1937 (Arch. ges. Psychol., 4th Ergänzbd.). 

Skudrzyk, E. Die Grundlagen der Akustik, Vienna, Springer-Verlag, 1954. j 
, J. L. van, and Groot, P. D. Stereoacoustische Geluidsbeelden en kleinst 
Waarneembare Tijdsverschillen, Physica, 1929, 9, 111. — . 

inberg, L, and Snow, W. Auditory perspective: Physical factors, Electronic 

Engng., 1934, 53, 12. x 4 fla y 

Steinberg, J.C. Symposium: Neural mechanism of hearing: Hearing aids for “nerve 
deafness,” Laryngoscope, 1937, 47, 603-611. (oio 

Steinberg, J. C., and Gardner, M. B. The dependence of hearing impairment on 
sound intensity, J. Acoust. Soc. Amer. 1937, 9, 11-23. 

Stern, W. L. Psychische Präsenszeit, Zeits. Psychol., 1897, 13, 325-348. 


726 REFERENCES 


Steudel, U. Ueber Empfindung und Messung der Lautstürke, Hoch. Elektroakust., 
1933, 41, 116-128. 

Stevens, S. S. The relation of pitch to intensity, J. Acoust. Soc. Amer., 1935, 6, 150. 

Stevens, S. S., Carton, A. S., and Shickman, G. M. A scale of apparent intensity of 
electric shock, J. exp. Psychol. 1958, 56, 328-338. 

Stevens, S. S., and Davis, H. Hearing, Its Psychology and Physiology, New York, 
John Wiley & Sons, Inc., 1938, 345. 

Stevens, S. S., Davis, H., and Lurie, M. H. The localization of pitch perception on 
the basilar membrane, J. gen. Psychel., 1935, 13, 297-315. 

Stevens, S. S., and Newman, E. B. The localization of pure tones, Proc. Nat. Acad. 
Bci., U.S., 1934, 20, 593-596. 

Stewart, G. W. Direct absolute measurement of acoustic impedance, Phys. Kev., 
1926, 28, 1038. 

Stewart, George W., and Lindsay, R. B. Acoustics, Princeton, N.J., D. Van Nostrand 
Company, Ine., 1930. 

Strutt, M. J. O. (1) Raumakustik, in W. Wien and F. Harms, Handbuch der experi- 
mentellen Physik, Leipzig, Akademische Verlagsgesellschaft m.b.H., 1934, part 2, 
443-512. (2) Strahlung von Antennen unter dem Einfluss der Erdbodeneigen- 
schaften, Ann. Physik, 1929, 1, 721. (3) Ibid., 751. (4) Reflexionsmessungen 
mit sehr kurzen elektrischen und mit akustischen Wellen, Elektr. Nachr. Techn., 
1930, 7, 65. (5) On the acoustics of large rooms, Phil. Mag., 1929, 8, 236. (6) 

er eine vollautomatische Nachhallmessvorriehtung, Elektr. Nachr. Techn., 
1930, 7, 280. (7) On the amplitude of driven loudspeaker cones, Exp. Wire- 
less, 1931, 8, 238. (8) Strahlung von Antennen unter dem Einfluss der (rd- 
bodeneigenschaften, Ann. Physik, 1931, 9, 67. 

Stuhlman, Otto, Jr. The non-linear transmission characteristies of the auditory 
ossicles, J. Acoust. Soc. Amer., 1937, 9, 119-128, 

Stumpf, Carl. (1) Tonpsychologie, II, Leipzig, S. Hirzel Verlag, 1883-1890. (2) 
Ueber die Ermittelung von Obertónen, Ann. Phys. Chemie, 1896, 57, 660-081. 
(3) Beobachtung über Kombinationstóne, Zeits. Psychol, 1910, 55, 1-144. 
(4) Die Sprachlaute, Berlin, Springer-Verlag, 1926. 

Tasaki, I. Nerve impulses in individual auditory nerve fibers of guinea pig, J. 
Neurophysiol., 1954, 17, 97. 

Tasaki, L, Davis, H., and Legouix, J. P. The space-time pattern of the cochlear 
mierophonics (guinea pig), as recorded by differential electrodes, J. Acoust. Soc. 
Amer., 1952, 24, 502-519. 

Taylor, 8. On variations of pitch in beats, Phil. Mag., 1872, 44, 56. 

Thévenin, L. Sur un nouveau théoréme d'électricité dynamique, Compl. rend. 

: Acad. Sci., Paris, 1883, 97, 159. 

Timoshenko, S. Schwingungsprobleme der Technik, Berlin, Springer-Verlag, 1932. 


SET = ie die Fortpflanzung des Schalles in Röhren, Elektr. Nachr. Techn., 


Todd, B., and Bowman, W. 7h iologi Physi i 
od iret dee UA The Physiological Anatomy and Physiology of Man, 
Tower, O. F. Ueber Potentialdifferenzen an den 
Lösungen, Zeits. Phys. Chemie, 1896, 20, 198. 
Trautwein, F. Toneinsatz und elektrische Musik, Zeits. techn. Physik, 1932, 13, 244. 
Trendelenburg, F. (1) Objektive Klangaufzeichnung mittels des Kondensator- 
mikrophons, Wiss. Veröffentl. Siemens-K onzern, 1924, 3, 43. (2) Klänge und 
ran Berlin, poe une 1935. (3) Frequenz und Dekrement der 
"igensehwingungen der Mundhöhle bei 7 Akad. 
Wiss., Berlin, SE KL, 1936, 00699]. anaes ae 
Trendelenburg, W., and Schütz, E. Ueber den Muskelton, Zeits, Biol., 1929, 89, 41. 
Tröger, J. Die Schallaufnahme durch das äussere Ohr, Phys. Zeits., 1030, 31, 20-17. 
Tschachotin, S. Eine Mikrooperationsvorrichtung, Zeits. wiss, Mikr. 1912, 29, 188. 
Tschermak-Seysenegg, A. v. Einführung in die physiologische Optik, 1942; [ntro- 
duction to Physiological Optics, Trans. by Paul Boeder, Springfield Ill, Charles 
C Thomas, Publisher, 1952. ; 
Vierordt, K. Der Zeitsinn nach Versuchen, Tübingen, H. Laupp, 1868. 


Berührungsflächen verdünnter 


REFERENCES 727 


Voigt, W. Lehrbuch der Kristallphysik, Leipzig, Teubner Verlagsgesellschaft, 1910. 

Vrijdaghs, J. J. H. © A new property of the ear? Exp. Wireless, 1934, 11, 196. 

Waar, A. G. H. Mikroskopische Wahrnehmungen der Funktion der Mittelohr- 
musken beim Menschen, Acta Oto-laryngol., 1923, 5, 335-358. 

Waetzmann, E. (1) Die Resonanztheorie des Hórens, Brunswick, Germany, Vieweg- 
Verlag, 1912. (2) Die Entstehungsweise von Kombinationstónen im Mikrophon- 
Telephonkreis, Ann. Physik, 1913, 42, 730. (3) Die Resonanztheorie des 
Hórens, Naturwissenschaften, 1922, 10, 542-551. (4) Moderne Probleme der 
Akustik, Phys. Zeits., 1925, 26, 740. (5) Ton, Klang und sekundiire Klanger- 
scheinungen, in A. Bethe (ed.), Handbuch der normalen und pathologischen 
Physiologie, 14, Receptionsorgane I, Berlin, Springer-Verlag, 1926, 579. (6) Ein 
erb-biologisches Problem am menschlichen Gehörorgan, Nachr. Ges. Wiss. 
Göllingen, math.-phys. KL, Biol., 1935, 1, 157-161. (7) Über die Empfind- 
lichkeit des menschlichen Ohres, in Festschrift der Technischen Hochschule Breslau 
zur Feier ihres 25 jährigen Bestehens 1910-1935, 1935, 478. (8) In Müller, 
Johannes, and Pouillet, C. S. M., Lehrbuch der Physik, 11th ed., vol. 1, Bruns- 
wick, Germany, Vieweg-Verlag, 1934. (9) Über Symmetrie- und Erblich- 
keitsfragen am menschlichen Gehörorgan, Zeits. techn. Physik, 1936, 17, 549- 
553; and Akust. Zeits., 1936, 1, 155-159. (10) Absorptionsmessungen am 
Trommelfell mit der Schusterschen Brücke, Akust. Zeits., 1938, 3, 1. 

Waetzmann, E. and Heisig, H. Untersuchungen über akustisehe Schwellenwerte, 
Ani. Physik, 1931, 9, 921; also vol. 10, 846. 

Waetzmann, E., and Keibs, L. (1) Theoretischer und experimenteller Vergleich 
von Hörschwellenmessung, Akust. Zeils., 1936, 1, 3-12. (2) Hörschwellen- 
bestimmungen mit dem Thermophon und Messungen am Trommelfell, Ann. 
Physik, 1930, 26, 141—144. 

Waetzmann, E., and Noether, F. Uber akustische Filter, Ann. Physik, 1932, 13, 212. 

Waetzmann, E., and Schuster, K. Raum- und Bauakustik; Berechnung der Nach- 
halldauer, in Johannes Müller and C. S. M. Pouillet's Lehrbuch der Physik, 
Akustikband, Brunswick, Germany, Vieweg-Verlag, 1929. 

Wagner, K, W. (1) Zur Geschichte der elektrischen Siebketten, Arch. Elektro- 
lechnik, 1927, 18, 78. (2) Kettenleiter und Wellensiebe, Elektr. Nachr. T'echn., 
1928, 5, 1. (3) Ein neues elektrisches Sprechgerät zur Nachbildung der men- 
schlichen Vokale, Abhandl. Akad. Wiss., Berlin, phys.-math. Kl., 1936. 

Watson, N. A. Limits of audition for bone conduction, J. Acoust, Soc. Amer., 1938, 
9, 204, 

Watson, N, A., and Knudsen, V. O. Ear defenders, J. Acoust. Soc. Amer., 1944, 15, 
153 

Wegel, R. L., and Lane, C. E. The auditory masking of one pure tone by another 
and its probable relation to the dynamics of the inner ear, Phys. Rev., 1924, 23, 


266-285. 
Wente, E. C. The effect of the acoustics of an auditorium on the interpretation of 
speech, Amer, Architect., August 20, 1928, 134. 


Wente, E. C., and Bedell, E. H. A chronographie method of measuring reverberation 
time, J. Acoust, Soc. Amer., 1930, 1, 422. 

Werner, C. F. Das Labyrinth, Stuttgart, Georg Thieme Verlag, 1940. 

West, W. (1) Measurements of the acoustical impedance of human ears, Post 
Office elect. Engng. J., 1929, 20, 293. (2) An artificial ear, Post Office elect. 
Engng. J., 1930, 22, 260. (3) The pressures in the diaphragm of a condenser 
transmitter in a simple sound field, J. Inst. Elec. Engr., 1930, 68, 441. 

fever, E. G. (1) Beats and related phenomena resulting from the simultaneous 
sounding of two tones, Psychol. Rev., 1929, 36, 402-418, 512-523. (2) Theory 
of Hearing, New York, John Wiley & Sons, Inc., 1949, fig. 30, p. 149. 

Wever, E G., and Bray, C. W. (1) Action currents in the auditory nerve in response 
to acoustical stimulation, Proc. Nat. Acad. Sci., U.S., 1930, 16, 344-350. (2) 
Present possibilities for auditory theory, Psychol. Rev., 1930, 37, 365-380. (3) 
The nature of acoustical response: The relation between the sound frequency and 
frequency of impulses in the auditory nerve, J. exper. Psychol., 1930, 13, 373-387. 

Wever, E. G., Bray, C. W., and Lawrence, M. (1) The locus of distortion in the 


728 REFERENCES 


ear, J. Acoust. Soc. Amer., 1940, 11, 427-433. (2) The nature of cochlear 
activity after death, Ann. of Otol. Rhinol. Laryngol., 1941, 50, 317-329. 

Wever, E. G., and Lawrence, M. (1) The place principle in auditory theory, Proc. 
Nat. Acad. Sci., U.S., 1952, 38, 133-138. (2) Sound conduction in the cochlea, 
Ann. of Otol. Rhinol. Laryngol., 1952, 61, 824-834. (3) Physiological Acoustics, 
Princeton, N.J., Princeton University Press, 1954. 

Wever, E. G., Lawrence, M., and Békésy, G. v. A note on recent developments in 
auditory theory, Proc. Nat. Acad. Sci., U.S., 1954, 40, 508-512. 

Wever, E. G., Lawrence, M., Hemphill, R. W., and Straut, C. B. Effects of oxygen 
deprivation upon the cochlear potentials, Amer. J. Physiol., 1949, 159, 199-208. 

Wiechert, E. Eine neue Methode zur Messung des Erdableitungswiderstandes von 
Blitzableitern, Elektrotech. Zeits., 1893, 14, 726. 

Wien, M. Ein Bedenken gegen die Helmholtzsche Resonanztheorie des Hórens, 
Festschrift für Adolph Willner, Leipzig, Teubner Verlagsgesellschaft, 1905, 28-35. 

Wiener, F. M. On the diffraction of a progressive sound wave by the human head, 
J. Acoust. Soc. Amer., 1947, 19, 143-146. 

Wiener, F. M., and Ross, D. A. The pressure distribution in the auditory canal in a 
progressive sound field. J. Acoust. Soc. Amer., 1946, 18, 401-408. 

Wiener, O. Darstellung gekriimmter Lichtstrahlen und Verwerthung derselben 
zur Untersuchung von Diffusion und Wärmeleitung, Ann. Physik, 1893, 49, 105. 

Wilkinson, G. (1) The mechanism of the cochlea, Nature, London, 1922, 110, 560. 
(2) A note on the resonating system in the cochlea with demonstration of a model 
illustrating the action of a hitherto neglected factor. J. Physiol., 1922, 56, ii-iv. 

Wilkinson, G., and Gray, A. A. The Mechanism of the Cochlea, London, Macmillan 
& Co., Ltd., 1924. 

Wilska, A. Eine Methode zur Bestimmung der Hörschwellenamplituden des Trom- 
melfells bei verschiedenen Frequenzen, Skand. Arch. Physiol., 1935, 72, 161-165. 

Wittmaack, K. Ueber experimentelle Schallschädigung mit besonderer Berück- 
sichtigung der Körperleitungsschädigung, Beitr. Anat., etc. Ohr., 1917, 9, 1-37. 

Wrightson, Thomas. he Analytical Mechanism of the Internal Ear, London, Mac- 
millan & Co., Ltd., 1918. 

Zimmermann, K. W. Mechanism of excitation of hairs of auditory cells, Schweiz. 
med. Wochenschr., 1926, 56, 566. 

Zoller, K. Die Bewegung einer starren Kugel infolge einer Druckwelle, Akust. 
Zeits., 1943, 8, 213. 

Zurmühl, G. Abhängigkeit der Tonhöhenempfindung von der Lautstärke und ihre 
Beziehung zur Helmholtzschen Resonanztheorie des Hörens, Zeits. Sinnesphysiol., 
1930, Abt. II, 61, 40. 

Zwislocki, J. (1) Theorie der Schneckenmechanik, Acta Oto-laryngol., 1948, suppl. 
72. (2) Theory of the acoustical action of the cochlea, J, Acoust. Soc. Amer., 
1950, 22, 778. (3) Wave motion in the cochlea caused by bone conduction, 
J. Acoust. Soc. Amer., 1953, 25, 986-989. 


INDEX 


Abnormalities of hearing, 88, 624-625 
Absolute loudness, 215 
Absorbent surfaces, effects of, 392-399, 
525 
Absorption of sound, by audience, 394, 
398-399 
by padded frame, 389 
by walls of room, 381-383 
Acoustic impedance (see Impedance) 
Acoustic roughness, 344-353 
Acoustics, of rooms, 302, 321-322, 331- 
332, 369-399 
of tents, 386-389 
Adaptation for skin, 559, 586 
(See also Fatigue) 
Adhesive tape, effect on skin sensitivity, 
617-618 
Adhesives, 21, 447 
Adrian, E. D., 641, 685, 715 
Air conduction, cancellation by bone 
conduetion, 128 
(See also Threshold) 
Air flow from sound source, 307 
Albert, K., 556, 715 
Alcohol, effect on sensitivity, 207 
Alexander, G., 715 
Alligator, organ of Corti, 486 
Alternating potentials of cochlea (see 
Cochlear microphonics) 
Amplifier for d-c pulses, 649 
Amplitude, mechanical, determination, 
49-57 
Analogies, electrical, 19 
Analysis (see Frequency analysis) 
Anatomical techniques, 12-13, 17-32, 
34, 49 
Anatomy of ear, 11-18 
(See also Anatomical techniques) 
Andrejew, N., 113, 715 
Anesthesia, effect of, on cochlear poten- 
tials, 485, 673 
on perilymph pressure, 688 
_ On skin sensitivity, 600 
Animals, sensitivity to own vocaliza- 
tions, 181 
Ankylosis of incudomalleolar joint, 115 


I 


Anoxia, effect on potentials of cochlea, 
640-642, 645, 654, 677, 682, 689, 
700 
Anvil, 11 
(See also Ossicles) 
Area of apprehension, 374 
Areal distribution of vibratory sensa- 
tions, 591, 598-599, 613, 619 
effects of fatigue on, 627 
Areal stimulation of skin, 617-618, 622, 
625 
Armrests for dissection, 23-24 
Artifacts, in cochlear potential measure- 
ments, 676-678 
in histology, 17-18 
in middle-ear measurements, 96, 98- 
100 
Artificial stapes, 427, 482 
Atonal interval, 622-624 
Attack in speech and music, 393 
Attention, 291, 371 
(See also Distraction) 
Attenuation, across head, 86-87, 163, 
174-176, 415 
voltage (see Voltage attenuation) 
of waves by absorbent surfaces, 392- 
399, 525 
Attenuator, cotton-plug type, 63 
Attitude, spatial, 375 
Attwood, S. S., 662, 715 
Audience as absorber of sound, 394, 
398-399 
, Audiograms, disturbed, 91 
normal, 84-85 
pathological, 88-90 
(See also Threshold) 
; Audiometer, 81-91 
Audiometry methods, 81-91, 139, 163 
Auditory beats (see Beats) 
Auditory echoes, 557-558, 632 
Auditory nerve, 16 
Auditory ossicles (see Ossicles) 
Auditory space, center, 287 
Auditory and tactual intensities com- 
pared, 249 


729 


730 INDEX 


Auditory theory, 539-546 Beatty, R. T., 535, 715 
forms of simplification, 443-446 Bedell, E. H., 369, 727 
(See also Duplexity theory of hearing; — Beljers, H. J., 348, 715 
Resonance theories; Standing- Benecke, H., 332, 715 
wave theory; Traveling-wave Berendes, Z., 474, 715 
theory) Berger, R., 495, 715 
Auditory tube, 11 Bernamont, J., 55, 715 
click produced by, 314-315 Best-beats method, 87, 176, 333, 336, 
Automatic techniques, 6-7 557-590 
anatomical, 34, 49 Binaural beats, 349 
recording, 68 Binaural disparity, in intensity, 297-301 


in time, 273-278, 282-287 
time-intensity relations, 300-301 


Backhaus, H., 53, 393, 549, 555, 578, (See also Sound images, location ; 
603, 715 Sound location) 
Ballantine, S., 267-268, 715 Binaural hearing, 566-568 
Bárány, E., 102, 129, 150, 164, 166, Binaural images, 297 J 
177, 181, 201, 485, 715 Binaural summation, 219, 223-226, 235 
Bárány, R., 108, 715 Birds, hearing of, 564 
Barkhausen, H., 378, 415, 715 Structure of ear, 486, 501 
Barlow, H. B., 612, 715 Birkhoff, G., 511, 716 
Bartlett, F. C., 277, 715 Biting board, 72 
Basilar membrane, 12 Bleeker, J. D., 695, 716 
response characteristics, 104, 315-318 Blind spot of retina, effect of illuminat- 
curve of excitation, 256 ing, 538 
form of motion, 229, 232, 480, 496 _~ Blood pulsations, effect on hearing, 187 
for clicks, 311-312 Bóhme, H., 158, 716 
patterns of response along, 172-173, Bogert, B. P., 526, 666, 716, 724 
255, 354, 366-367, 403-484, Boldrey, E., 565, 724 
540-541 Bolton, T. L., 716 
by bone conduction, 127 Bone conduction, 127-203 
phase of responses, 460—463 action of mandible in, 129, 143-144 
selectivity, 446—449, 454—455 cancellation by air conduction, 128 
tension, 464—465, 471-473 compression of cochlea in, 145-147 
(See also Cochlea, as frequeney from earphones, 225 
analyzer) effects of mastoid operation on, 162- 
structural characteristics, 404 163 
coupling with fluids, 495 form of vibrations in, 144-145 
damping, 229, 232, 254-255, 404, minimizing, 199-200 
410-416, 458-460 theory, 140, 143-145 
effects of static pressure on, 472-476  Bone-conduction receivers, 133-134, 
elasticity, 408, 472-476, 540-542 150-151, 158-159 
form, 28-29 Bone-conduction tests, 129, 131-133, 
loading, 445-446, 496 148, 163 
reference points on, 28 Bone-conduction thresholds, 131-136, 
relation to stapes, 256-257 148, 160-162, 172-173, 191-192 
width, 405, 473 Bone dust, 22 
Bat, organ of Corti, 487 Bone forceps, 22 
Beating tones, localization, 299-300 Bonnier, P., 355, 366, 368, 405, 716 


Beats, auditory, 229-235, 574-578, 587- Boundaries, methodological, 9-10 
590 Bowman, W., 726 
binaural, 349-350 Brain, sensory areas, 564-566 
effect on reverberation curves, 385 Braunmühl, H. J. von, 716 
fatigue produced by, 353, 536-537 Bray, C. W., 577, 641, 684, 685, 727 
method of best beats, 87, 176, 333, Breakpoint, 278 
336, 577-590 Brecher, G. A., 258, 260, 261, 716 
roughness, 345-352 Breisig, F., 355, 716 
vibratory, on skin, 574-575, 578-590 Breuer, C., 447, 716 


INDEX 


Breuer, J., 703, 716 

Brillouin, L., 55, 716 

Brinitzer, W., 716 

Broom, R., 181, 716 

Brownian movements, 486 
Bruine-Altes, J. C. de, 716 

Bubbles in cochlea, removal, 426-427 
Buchthal, F., 716 

Budde, E., 419, 716 


Build-up of vibratory sensation in time, 
559, 598 
Bulla, auditory, function of, 199-200 


Burlet, H. M. de, 716 
Burning sensation from tonal stimula- 
tion, 263 
(See also Pain; Pricking in ear; 
Prickle) 
Burr, H. S., 637, 716 
Bush, V., 75, 716 
Byford, G. H., 719 


Calf, cochlea, 507. 

eardrum, 194 
Camera acustica (of Ewald), 428 
Camera lueida, 29 
Canalis faeialis, 430—431 
of cochlear membranes, 689-690 

(See also Impedance, electrical) 
Capillaries, impedance, 138 
Capillary cireulation in cochlea, 673 
Capillary forces in dissection, 26 
Carson, J. R., 716 
Carton, A. S., 619, 726 
Catenary hypothesis, 95-96 
Cavities, method of studying, 22 
Cements, 21, 447 
Center of head, determination, 286 
Central nervous system in directional 

hearing, 272 
Chambers, R., 716 
Chapin, E. K., 716 : 
Chicken, anatomy of ear, 196-198, 504- 
505 


Sensitivity to own vocalizations, 183- 
184 


sound analysis by, 504-506 
Chisel, use in anatomy, 22 
vhocholle, R., 577, 716, 722 
Cilia of hair cells, 14 
Circulatory variations, effect on hearing, 
487 


Clicks, action on eardrum, 314-315, 319 
localization, 276 
Produced by swallowing, 314 
Stimulation of skin by, 621-622, 629- 


631 
(See also Pulses) 


731 
Clinical tests of hearing, 88, 135, 148, 


163 
(See also Audiometry) 
Cocaine, effect on sensitivity, 207 
Cochlea, 11 

bubble removal, 426-427 

capillary circulation in, 673 

compression in bone conduction, 145- 
147 

decay time for, 459-460 

eddies (see Eddies) 

effect of opening, 483 

electrical energy source in, 635-637, 
642-647, 654 

electrical insulation in, 661, 686-687, 
689, 694 

electrical resistance, 654-672 

electroanatomy, 653-672, 685-086 

energy balance in, 636-647 

energy flow in, 512, 526 

evolution, 249, 485-487, 500-510 

fluid columns, 427, 444, 458 

fluid displacement, 202 

fluid pathways, 104, 106 

form, 200, 499-500 

as frequency analyzer, 60, 404, 410— 
416, 428-429, 410-449, 454-455, 
500-510, 535-539 

grounding pathway, 660—661 

hydrodynamic theories, 444 

hypertension, 587 

insulation in, 666-672 

length in various animals, 503-508 

linearity of responses in, 481 

localization of response in, 440—443, 
463, 505-509 

(See also Basilar membrane, pat- 

terns of response along) 

maximum tolerable current, 656-657 

models (see Cochlear models) 

nonlinearity (see Distortion) 

number of turns, 425 

numerical values for, 403 

opening, 25-29, 32, 425-427, 429, 
446-452 


pathological conditions in, 533-534 

polarization in, 656-657 

rectification in, 361 

shock waves in, 456-457 

spiral diagrams, 503-508 

structure of eross section, 443 

traveling waves in, 425, 461, 494, 512 

visual observation of movements in, 

441-443, 446-455, 459-460 

method of preparing for, 446-453 

voltage attenuation in, 661, 664-666 

voltage pattern, 653-672, 685-686 


132 


Cochlea, wave travel in, 510-512, 525-526 
paradoxical, 510-512, 532-533 
(See also Standing waves in cochlea) 
Cochlear duct, 438, 452 
Cochlear fluid, distribution of potentials 
in, 694-695 
mobility, 434—435 
(See also Endolymph; Perilymph) 
Cochlear hypertension, 587 
Cochlear injury, 440 
Cochlear mierophonies, 635-710 
distortion in, 577 
effect on, of anoxia, 640-641 
of direct currents, 656-657 
energy source for, 635-639, 642-644 
with perforating electrode, 688-692 
place of origin, 635-636, 684-710 
polarity, 707—709 
for study of cochlear patterns, 493-494 
types, 641 
first-order, 686 
second-order, 696, 701 
with vibrating electrode, 636, 672- 
684, 697, 702-703 
effect of direction of vibration, 682— 
684 
relation of displacement and veloc- 
ity, 680-681 
Cochlear models, eddies in, 420-423, 445 
electrical, 661—664, 690-695 
hydraulie, using skin as receptor, 445, 
551-634 
mechanical, dimensional type, 405- 
410, 437—445, 510-512, 540-544 
pendulum type, 519, 526-534, 542— 
543 


tuned-reed type, 515-524, 545, 
548-550 
using skin as receptor, 545-547, 551 
traveling waves in, 517-524 
vibratory patterns in, 419-423 
Cochlear partition, 11, 466 
conductivity, 661-664 
damping, 644 
effect of mechanical shock on, 642 
form of vibration, 461-463, 493-496 
maximum amplitude of response to 
tones, 440-443, 455, 505-509 
phase relations along, 461, 466 
resonance, 454—455, 460-462, 494, 
504-510 
spiral diagrams, 503-508 
static deformation, 644-645 
stiffness, 467—480, 483, 510 
(See also Basilar membrane) 
Cochlear patterns, 403-484 
(See also Cochlear partition, form of 
vibration) 


INDEX 


Cochlear potentials, 635-710 

effect of anoxia on, 640-642, 645, 654, 
677, 682, 689, 700 

energy source for, 635-639, 642-644 

phase relations in, 689-690 

types, 641 

(See also Cochlear mierophonies; Direct 
potentials of cochlea; Nerve 
potentials) 

Cochlear resonators, characteristics, 444 
effect of phase shift on, 411-413 
onset time, 441 

Cochlear scalae, 145, 438 

Cochlear structures, deformation, 49-51, 

475 
elasticity, 467-480, 483, 510 
illumination, 34 
staining, 35 
visibility, 38, 426, 441, 459, 475 
volume displacement, 436 
(See also Basilar membrane; Cochlear 

partition) 

Cochlear theory (see Auditory theory) 

Cochlear wall thickness, 443 

Cochlear windows, oval, 431 
pressure difference between, 105, 115- 

6 


round, 11, 431 
sealing, 21 
Cole, K. S., 654, 716 
Combination tones (see Difference tones) 
Comparison, of auditory and skin sensa- 
tions, 249, 258-259, 275, 590-609, 
622-623 
of direct and alternating potentials, 
640 
Compression in semicireular eanals, 147 
(See also Bone conduction) 
Compressional waves, 128 
Concentration changes in cells, 232-236, 
246, 255 
Conductive lesion, 88 
Conscious present, 369-378 
Consciousness lapse, 246, 371 
Consonance in skin sensations, 577 
Contrast, 208, 230, 255, 366, 417-419, 
538, 610, 628-629 
(See also Funneling in nervous system) 
Coradi, G., 717 
Corti, A., 12, 717 
Corti's membrane (see Tectorial mem- 
brane) 
Corti's rods, 13 
Cotton, J. C., 80, 717 
Cotton plug as prosthesis, 108 
Cotton-plug attenuator, 63 
Cotugno, D., 470 


INDEX 733 


Coupling, for basilar membrane, 540-544 

for series of resonators, 516, 519-521, 
528-531 

Covell, W. P., 685, 717, 720 

Cow, cochlea, 507-508 
eardrum, 194 

Crandall, I. B., 188, 269, 717 

Cremer, L., 387, 723 

Cross hearing, 86-87, 163, 174-176, 415 

Crowe, 8. J., 717 

Curtis, H. J., 654, 716 


Dahmann, H., 717 
Damping, acoustic, in rooms, 381-383 
in cochlea, 229, 232, 254-255, 404, 
410-416, 458-460 
by padded frame, 389 
of resonators, 531 
(See also Decay time; Logarithmie 
deerement) 
Davis, H., 440, 493, 495, 512, 626, 641, 
654, 685, 717, 725, 726 


Denfness, 88 
concealment, 90-91 
nerve, 624-625 
simulated, 90 
testing, 81-91 


Death, cell changes in, 651, 654 
effeet of, on cochlear partition, 494 
on potentials, 641, 677, 689, 696, 
700-701 
Decaleifieation, 22 
Decay intensity, 322-323, 329 
Decay time, 59-60 
apparatus for determining, 58-60 
for cochlea, 459-460 
neural, 458 
for sounds, 321-326, 329, 385-388, 
393, 458, 535-536 
for vibrations of membranes, 457 
for vibratory sensations on skin, 458, 
535-536 
(See also Damping) 
Degrees of freedom of manipulators, 42 
Denker, A., 717 
Dental burr for disseetion, 22 
Derbyshire, A. J., 685, 717 
De Trey's copper precipitate, 447 
De Vries, H., 486, 685, 695, 716, 717, 
720 
Diestel, H. G., 551, 717 
Dietsch, G., 717 
Difference limen, auditory, 207-271 
for amplitude, 207-208, 216-217, 
220, 223, 228, 231, 248 
under abnormal conditions, 624- 
625 


Difference limen, for amplitude, method 
of determining, 208, 211-212, 
219-221 

for frequency, 88, 220-223, 228, 231 
for movement of sound source, 377 
relations between amplitude and 
frequency, 222-223, 227 
for vibrations on skin, 249, 547, 562- 
563 
Difference tones, 337-344, 361 
effects of tensor tympani on, 343 
Differentiation of mierophone current, 
307-309 

Dijkgraaf, S., 485, 717 

Diplacusis, 601 

Dipole, voltage distribution about, 661— 

666 


D-e fall, 639-640 
Direct potentials of cochlea, 636-647, 
651-652 
with perforating electrode, 688 
Direct and reflected sound fields, 332 
Direction, of motion of cochlear struc- 
tures, 497 
of sounds, 238, 250-254, 259, 272-301, 
304-300, 318 
of vibration in cochlear stimulation, 
707-710 
Dispersion in fluids, 524-525 
Displacement, alternating, method of 
producing, 49-51 
Dissecting instruments, 20-23 
exchange, 44 
Dissection, capillary forees in, 26 
methods, 19-22, 25, 28, 30, 40-42 
(See also Manipulators) 
Distance between ears, 287 
Distance perception, for sounds, 280, 
291, 301-313 
effect of flow velocity on, 307-311 
for vibratory sensations, 627 
Distortion, in ear, 218-219, 314-368, 577 
of tones, 60-66 
of waves by absorbent surfaces, 395- 
398 
Distortion factor, 335 
Distraction effects, 246, 371 
Distribution, of judgments, 240-245 
of potentials in cochlear fluids, 694— 
695 
Doty, H. A., 717 
Drill, dental, for dissection, 23, 26, 32 
use, 22, 430-431 
Drum membrane (see Eardrum) 
Drying, effects on middle ear, 96, 100 
Duckbill, cochlea, 486, 409 
Duplexity theory of hearing, 485 


734 


Duration, of stimulation, effect of, on 
sounds, 221-222, 236-238, 358, 
554 
on vibratory sensation, 559, 598, 
620 


of tones in musie, 386-387 
DuVerney, J. G., 444, 470, 717 


Kar, evolution, 249, 485-487, 500-510 
Ear pads, use, 87 
Eardrum, absence, 105-107, 116-117, 
121-122, 304 
artificial, 108, 193 
effect of static forces on, 142, 304 
elasticity, 96, 136-138, 142, 192-195 
equal-amplitude curves for, 101 
fibers, 95-96 
impedance, 69-81, 110-112, 137-138, 
141, 270, 312, 335-336 
natural frequency, 101, 314-315 
nonlinearity, 110, 335, 361 
perforation, 108 
postmortem changes, 482 
structure and properties, 22, 96, 102, 
195-198, 482 
as velocity receiver, 312 
vibratory action, 95, 100-101, 110- 
112, 172-173, 192-193, 265, 314- 
315, 319, 340, 360 
Earphones, bone conduction from, 225 
cushions for, 174 
types, 174 
Earplugs, 164, 176, 178-181 
Earway attenuation, 164 
Echoes, auditory, 557-558, 632 
vibrational, on skin, 632-633 
Eddies, in cochlea, 236, 256-257, 316, 
366, 423-424, 428, 438-440 
in relation to distortion, 337, 577 
in cochlear models, 420-423 
prevention, 445 
Egan, J. P., 579, 717 
Elasticity, of cochlear structures, 467- 
480, 483, 510 
of eardrum, 96, 136-138, 142, 192-195 
Electrical analog of mechanical filter, 
61-62 
Electrical energy in cochlea, source, 635- 
637, 642-647, 654 
Electrical impedance of cochlea, 654-672 
Electrical insulation in cochlea, 661, 
686-687, 689, 694 
Electrical resistance, of cochlea, 654-672 
of fluid column, 671 
Electrical stimulation of skin, 594-599, 
608-609 


INDEX 


Electroanatomy of cochlea, 653-672, 
685-686 


Electrocapillary potentials, 677, 705-706 
Electrodes, for d-c measurements, 644— 
645 
perforating, 688-692 
vibrating, 672-684, 697, 702-705 
Eleetronie switch, 58-60, 369-370 
Elephant, cochlea, 508 
sound analysis by, 508-509 
Emde, F., 725 
Emmermann, C., 717 
End organs, interconnections, 550, 590 
591 
Endolymph, 13 
electrical conductivity, 692-694 
Endolymphatie sae, 452 
Energy balance of cochlea, 636-647 
Energy density of sound in room fo: 
reverberant field, 381 
Energy flow, in cochlea, 512, 526 
in wave motion, 510-524, 530-532 
Energy source for bioelectric potentials of 
ear, 635-639, 642—644 
Engstrom, H., 717 
Equal-loudness curves, 88-89, 208-209, 
216-218, 264 
Equal-magnitude curve for skin, 566 
Equilibrium, effect of tones on, 424 
Errors, experimental, 7-9 
observational, 239 
Esser, M. H. M., 192, 717 
Eustachian tube, 11 
click produced by, 314-315 
Ewald, J. R., 354, 404, 405, 410, 428, 
438, 541, 550, 717 
Ewald's model of cochlea, 407, 438 
Ewald's theory (see Standing-wave 
theory) 
Excitation, 207, 217, 228-236, 239-240, 
255 
, 
sharpening up, 223, 538-539, 556-557 
Exner, S., 717 
Experimental errors, 7-9 
Exploring-tone method, 87, 332-333, 
336 


External auditory meatus, 11, 20 
congenital closure, 304 
effect of closing, 134-142, 146, 160- 
161 


effect on sound field, 267-271 

effect of static pressure in, 141-142, 
146 

method of opening, 30 

open versus closed, 135-142, 144-146, 
160-161 

resonance, 84, 270-271 

Eyring, C. F., 369, 718 


INDEX 135 


Facial eanal, 430—431 
Fader circuit, 58-60, 369-370 
Fahrentholz, S., 151, 718 
Familiarity, effect on sound localization, 
292 
Fatigue, auditory, 88-90, 275, 354-308 
for beating tones, 352, 536 
bilateral effects, 363 
effect of, on loudness, 208-209, 225- 
226, 276, 355-358 
on overtones, 337-338 
on pitch, 367-368 
on sensitivity, 207-211, 536 
on transient processes, 328 
effect on, of eardrum tension, 362 
of stimulus duration, 353-357 
frequency selectivity, 256, 353—350, 
365-307 
loudness-doubling method, 362-363 
place of origin, 354, 359, 362, 364 
recovery from, 357-358 
relation, to sound direction, 276 
to sound intensity, 356-357, 364 
temporal course, 357, 363-365 
tactual, 259, 354, 627 
Fechner, G. T., 238, 718 
Fechner's laws, 238, 246, 250-257, 370 
Feeling sensations, localization, 219 
Feeling threshold, 113, 219-220, 257, 464 
Fenestration, 122-124, 164 
Fernández, Č., 717 
Filters, mechanical, 60-66, 161-162 
Firestone, F. A., 104, 150, 165, 349, 716, 
718 
Fischer, F, A., 181, 719 
Fischer, J., 715 
Fischer, M. H., 718 
Fischer, O., 419, 718 
Fish, lateral line, 485 
maeular stimulation in, 703 
Fitzhugh, R., 612, 715 
Fixation of tissues, 12-13, 17-18 
Flanders, P. B., 718 
Fletcher, H., 219, 261, 263, 301, 483, 
584, 718 
Flottorp, G., 588, 723 
Flow velocity, effect on distance per- 
ception, 307-311 
Fluid columns of cochlea, 427, 444, 458 
Fluid displacement in cochlea, minimiz- 
ing, 202 
Fluid loading, 446 
Fluid pathways of cochlea, 104, 106 
Fluid potentiometer, 347-348 
Fluid pulsator for cochlear stimulation, 
695-696 
Fluid streaming, in cochlen (see Eddies) 
in the semieireular canals, 423-424 


Foramen jugularis, 430 
Form, of sound-pressure stimulation, 
effect on timbre, 319-320 
of vibratory sensations, 591, 598-599, 
613, 619 
effects of fatigue on, 627 
Fourier integral, 75 
Fourier’s principle, 72, 622 
Fowler, E. P., 718 
Fowler's recruitment test, 88 
Frahm frequency meter, 413, 494—495 
Frank, O., 96, 111, 192, 315, 718 
Freneh, N. R., 718 
Frequency analysis in cochlea, 60, 404, 
410—416, 428-429, 500-510, 535-539 
Frey, M. von, 259, 354, 718 
Frey, von, hairs, 23, 467-472 
Fricke, W., 717 
Frocht, M., 199, 718 
Frog, ear, 181, 199 
vocalization, 181 
Frog skin, nerve volleys from, 587 
Fumagalli, Z., 718 
Funneling in nervous system, 609-613, 
627-634 
Fusion, critical frequency, for ear, 413- 
414 
for skin vibrations, 599-601 


Galambos, R., 612, 718 

Gardner, M. B., 725 

Garten, S., 718 

Gatty, O., 654, 718 

Gaussian law, 239 

Geffcken, W., 66, 69, 112, 203, 258, 312, 
336, 718 

Geiger, P. H., 349, 718 

Geldard, F. A., 564, 719 

Gerard, R. W., 649 

Gerdien, H., 162, 719 

Gerlach, E., 52, 719 

Gernandt, B. E., 685, 717 

Giesswein, M., 140, 725 

Gildemeister, M., 719 

Glass windows for observing structures, 
32 

Goldberg, E., 719 

Goldman, A., 354, 718 

Grass, absorption of sound by, 396-398 

Gray, A. A., 719, 728 

Gray, T. S., 75, 719 

Grimm, K., 719 

Groot, P. D., 725 

Grounding pathway of cochlea, 660-661 

Group velocity of cochlear waves, 403 

Grouping of sounds, 373 


736 


Growth of sensations (see Duration of 
stimulation) 
Guild, S. R., 685, 717, 719, 720 
Guinea pig, cochlea, 443, 502-504 
eardrum, 196 
organ of Corti, 487 
sound analysis by, 503-504 
Gullstrand, A., 35 


Haas, H., 632, 719 
Hühnle, W., 150, 719 
Hahnemann, W., 267, 719 
Hair cells, 13 
anoxie changes in, 708 
excitation, 128 
inner, 486 
movement, 498-500 
number, 619 
rows, 486 
Hair probes, 23, 467-472 
Hallpike, C. S., 654, 685, 719 
Hamilton's principle, 512, 533 
Hammer, 11 
function of head, 102, 181, 201 
Hardesty, I., 468, 719 j 
Harmonic analyzer, 75-78 
Harmonics, 578 
in ear, 99, 332-338 
in skin vibrations, 577-590 
Harris, J. D., 622, 719 
Hartline, H. K., 612, 719 
Hartmann-Kempf, R., 548, 719 
Hartridge, H., 411—412, 719 
Hasse, C., 485, 486, 719 
Hausmann, T., 719 
Head, action of sound on, 163 
determination of center, 286 
effect of sound field on, 267-271 
Head movements, effects, 72 
during walking, 191 
Headrest, 72 
Hearing, tests, 81-91, 135, 148 
theories, 443-446, 539-546 
Hecht, H., 181, 267, 719 
Heisig, H., 134, 138, 267, 727 
Held, H., 404, 464-466, 719 
Helicotrema, 12, 257, 316, 469, 475 
Helmholtz, H. L. F., 11, 95, 115, 117, 
261, 348, 350, 352, 404, 413, 444, 
468, 471, 535, 574-576, 677, 719 
Helmholtz resonance theory (see Reso- 
nance theories) 
Hemphill, R. W., 641, 728 
Hensen, V., 468, 470, 720 
Hensen cells, 16, 490—491 
Herzog, H., 145, 720 
Hilding, A. C., 720 


INDEX 


Histological techniques, 12-13, 17-18, 
22, 35, 488 

Holst, E. von, 703, 720 

Hood, J. D., 719 

Hooke’s law, 680 

Hornbostel, E. M. von., 107, 225, 253, 
254, 285, 287, 295, 301, 317, 349, 
720 

Hornbostel formula, 279 

Hornbostel-Wertheimer constant, 255 
254, 274 

effect of fatigue on, 278, 280 

Hort, W., 720 

Howe, H. A., 685, 720 

* Hütte," 473, 648, 720 

Huggins, W. H., 720 

Hughes apparatus, 355 

Huizing, H. C., 720 

Hunt, R. S., 720 

Hurst, C. H., 405, 720 

Hydrodynamie theories of cochlea, 444 

Hypertension of cochlea, 587 


Illumination, 34 
stroboscopic, 37-40, 422, 427, 441 
Impedance, acoustic, for capillary, 138 
for cavity, 137 
for ear, 72, 137, 269-270 
method of measuring, 68-81 
for mouth opening, 73 
phase of, 70-72 
electrical, of cochlea, 654-672 
(See also Capacity of cochlear mem- 
branes) 
mechanical, matching in inner ear, 
492-493 
method of measuring, 33-34, 49-51, 
478 
Impedance matching in organ of Corti, 
492-493 
Impulse method (see Pulse method) 
Incisors, clicking, 168 
Incudostapedial joint, 201-202 
Incus, 11 
(See also Ossicles) 
Infections, 20-21 
Inhibition, 609-613 
in nervous system, 547, 557-560, 571 
for skin sensitivity, 569-570, 596-609 
(See also Contrast; Funneling in 
nervous system) 
Injury to tissues in dissection, 26 
Inner ear, maximum bearable static pres 
sure in, 433-434 
Inner hair cells, 486 
Innervation density, 564-566 
Insects, auditory organ, 619 


INDEX 737 


Instruments, dissecting, 20-23, 44 

Insulation in cochlea, 666-672 

Integraph, 75 

Integration of microphone current, 
307-309 

intelligibility of syllables, 379-380 

Intensities, auditory and tactual com- 
pared, 249 

Interactions, between binaural tones, 
605-606 

of sounds, suppression of reverberation, 
374-376 
between two vibratory frequencies, 
606-607 

Interference tube, 333, 335 

Internal resistance of middle ear, 104 

Interval between stimuli, effects, 213, 
215, 328 

Intervening image, 319 

Itching, 262 


Jüderholm, G. A., 717 

Janovsky, W., 335, 339, 348, 525, 720 
Janus green B as vital stain, 488 
Jielof, R., 720 

Johnson, K. S., 720 

Jones, I. H., 134, 138, 148, 158, 720, 721 
Judgment theory, 213-214 
Judgments, distribution, 240-245 
Jugular foramen, 430 

Junction potential, 649 

Jung, H., 458, 556, 720 


Kahler, O., 717 

Kato, T., 216, 720 

Katsuki, Y., 720 

Katz, D., 564, 571, 720 

Keibs, L., 66, 148, 433, 718, 727 

Keidel, L., 723 ` 

Keidel, W. D., 587, 591, 601, 720-72 

Keith, A., 114 

Kerekes, G., 721 

Kessel, J., 359, 360, 721, 722 

Kingsbury, B. A., 88, 209, 263, 365, 721 

Kircher, A., 10, 721 

Kleinknecht, F., 464—465, 501, 719, 721 

Klemm, O., 568, 721 

Kluge, J., 151, 718 

Klumpp, R. G., 579, 717 

Knudsen, V. O., 134, 138, 148, 158, 164, 
178, 179, 208, 211, 222, 231, 247-249, 
369, 383, 387, 564, 720, 721, 727 

Kobrak, H. G., 721 

Kohler, W., 108, 213, 241, 361, 721 

Kóhler's theory of comparison, 213 

Kölliker, A., 721 


Kohler, I., 574, 721 

Kolmer, W., 14, 721 

Kopae, M. J., 716 

Krause, W., 17, 721 

Kreuzer, B., 369, 723 

Kucharski, P., 721 

Kühl, A., 417, 721 

Kufler, S. W., 612, 715, 721 

Kuhl, W., 95, 721 

Kuile, E. ter, 355, 366, 368, 405, 487, 493, 
703, 721 

Kupfer, E., 677, 721 

Kurtz, R., 148, 722 


Labyrinth, 275, 500-501 
Landes, G., 722 
Landmarks, anatomical, 19-20, 30 
Lane, C. E., 87, 139, 163, 265, 332, 
414—415, 417, 722, 727 
Lane's method of best beats, 87, 176, 333, 
336 
Lange, B., 722 
Langenbeck, B., 108, 138, 267, 269, 722 
Latencies for skin stimulation, 601—602 
Lateral-line organ, 485 
Lateralization of skin sensations, 572- 
573, 630-632 
(See also Location of vibratory sensa- 
tions) 
Law of contrast, 208, 230, 255, 366, 
417—419, 538, 610, 628-629 
(See also Funneling in nervous system) 
Lawrence, M., 512, 526, 533, 577, 641, 
722, 727, 128 
Legouix, J. P., 493, 495, 512, 577, 716, 
722, 726 
Lehmann, A., 246, 247, 722 
Lehner, S., 447, 722 
Lever principle of impedance matching, 
493 
Lewicki, G., 415, 715 
Lewis, D., 722 
Lichte, H., 169, 722 
Licklider, J. C. R., 512, 720, 722 
Lifschitz, S., 332, 389, 722 
Ligaments of middle ear, funetion, 113 
Limits, methodological, 9-10 
Lincke, C. G., 12, 722 
Linckh, H. E., 151, 718 
Lindsay, R. B., 60, 137, 726 
Linearity, in cochlea, 481 
in middle ear, 266 
(See also Distortion) 
Ling, G., 648, 722 
Lip, sensitivity to vibration on, 445 
Lippmann, G., 722 
Litharge-glycerin cement, 447 


738 


Lizard, basilar membrane, 486 
Loading, 51 
for basilar membrane, 445-446, 496 
Localization of response in cochlea, 
440-442, 463 
(See also Basilar membrane, patterns of 
response along) 
Location, of sound image, 289-290, 292, 
294-297 
of sounds, 292, 299-302, 374, 573, 632 
of vibratory sensations, 560-562, 573, 
597, 630-632 
Logarithmie decrement, 411 
for ear, 254, 354, 404, 458-459 
for skin vibrations, 166 
(See also Damping) 
Lohmann, W., 722 
Loop resistance of cochlear scalae, 
671-672 
Loudness, absolute, 215 
at absolute threshold, 245 
for binaural stimulation, 223-226, 417 
decay, 322-323, 458 
effect on, of duration, 236-238, 358 
of fatigue, 208-209, 225-226, 276, 
355-358 
of static pressure (see Static pres- 
sure, in meatus) 
effect on pitch, 463-464 
theory, 227, 239, 245, 247 
at tickle threshold, 263 
Loudness variations in alternating tones, 
537-538 
Loudspeaker directionality, 388-380 
Low tones, 60-69 
Lower jaw in bone conduction, 129, 
143-144 
Lower limit of pitch, 258, 260-261 
Lowy, K., 484, 722 
Lumping of properties, 19 
Lurie, M. H., 685, 717, 726 
Lux, F., 427, 443, 722 
Lux theory of fluid columns, 427, 444, 458 


MacAuliffe, D. R., 717 
McClung, C. E., 42, 722 
Maceration, 22 
Mach, E., 140, 417, 538, 722 
Mach's law of contrast (see Contrast) 
MacNair, W. A., 387, 722 
Macula utriculi, 452 

stimulation, 678 
Mader, O., 722 
Mader's analyzer, 76-78 
Magnitude of sensation, 245 

for vibrations on skin, 615-626 
Malingering, 90-91 


INDEX 


Malleus, 11 
function of head, 102, 181, 201 
Mandible in bone conduction, 129, 
143-144 
Mangold, E., 359, 722 
Manipulators, 40-49, 674-675 
Manometer, membrane, 61, 257 
Maré, G. de, 485, 723 
Mark, H., 277, 715 
Marks, L. 8., 723 
Markus, J., 667, 723 
Martin, H., 723 
Martin's equation, 337 
Masking, 265-266, 317, 321, 333-334. 
414-415 
in audiometry, 82, 86-88, 139, 163 
Mastoid operation, effects on bone con- 
duction, 162-163 
Mastoid process, 133, 430—431 
Maxfield, T., 302, 723 
Mayer, O., 723 
Meatus, auditory (see External auditory 
meatus) 
Mechanical filter, electrical analog, 61-62 
Mechanical shock, effect on cochlear 
partition, 642 
Membrane of Corti (see Tectorial 
membrane) 
Membranes, action of clicks on, 457 
effects on, of bioelectrical fields, 
635-036 
of pressure, 472 
measurement of volume displacements 
in, 478-479 
Mercury-are lamp, 37 
Method of constant stimuli, 211-212, 240 
Methodological limits, 9-10 
Methodology, 3-10, 33-91 
Methylene blue, 488 
Metz, O., 723 
Meyer, E., 138, 300, 302, 332, 369, 387, 
723 
Meyer, Max F., 355, 366, 368, 405 
Meyers, C. K., 622, 719 
Micksch, K., 447, 723 
Micromanipulators, 40-49, 674-675 
Microphone for vibration measurement, 
151-155, 164-177 
Microphonies, cochlear (see Cochlear 
microphonics) 
Micropipettes, 647-653 
positioning, 35 
Microscope, adjustment, 25, 36 
stereoscopic, 35-36 
Middle ear, compression, 202 
effects of disease on, 99-101 
model, 124-126 


INDEX 


Middle-ear apparatus, absence, 122 
action, 95-126 
natural frequency, 111 
nonlinearity, 110, 114, 197, 343 
protection, 112-113 
resistance, 103-104 
(See also Static pressure, in meatus) 
Middle-ear eavity, method of exposing, 
30 
resonance in, 117 
volume, 109-110, 200 
Middle-ear ligaments, 113 
Middle-ear museles, bilateral action, 216 
effect on eardrum tension, 336 
friction in, 104 
function, 113-114, 203 
Mirror cemented to eardrum or manu- 
brium, 108-109 
Models, cochlear (see Cochlear models) 
middle-ear, 124-126 
for resonance theory, 545-546 
for traveling-wave theory, 545-547, 
550-568 
Modiolus 12, 475 
Modulation, 222-223, 266-267, 336, 345 
effect of, on difference tones, 344 
on sound direction, 299-300 
in vacuum tube, 336 
Moe, C. R., 584, 723 
Mosaic method, 4 
Mouse, cochlea, 506 
sound analysis by, 506 
Mouth, sound pressure near, 183-186 
Mouth cavity, resonance in, 172 
Movements, observation, 37-40 
of persons in room, effect on reverbera- 
tion, 392 
Müller, J., 114, 162, 723 
Munson, W, A., 263, 718 
Music, duration of tones in, 386-387 
effects of reverberation on, 369, 
389-392 
intensity of playing, 380 
Musical instruments, changes of timbre 
in, 332 


Natural frequencies of vibratory systems, 
477-478 

Natural rhythm, 371-373 

Nature of auditory stimulus, 703 

Negative experiments, 7 

Nernst, W., 233, 649, 723 

Nernst's law of nerve excitation, 236, 
247 

Nerve deafness, 88-89, 624-625 

Nerve discharge in sound localization, 
287-288 


739 


Nerve endings, 207, 229 
Nerve excitation, 207, 217, 228-236, 
239-240, 246, 255 

Nerve fibers, auditory, 15 
interaction among, 218 

Nerve impulses, maximum frequency, 265 
synchrony for skin, 593, 595-596, 

601-602 

Nerve potentials, effect of anoxia on, 641 

Neubert, K., 487, 723 

Neural decay time, 458 

Neural pathways for skin, 570 

Neural plexus, 550, 590-591 

Neural volleys, 590-603 

Newman, E. B., 577, 726 

Noether, F., 60, 727 

Noise, effect on thresholds, 191 

Nonlinearity of ear (see Distortion; 

Harmonies) 
Nonpolarizable electrodes, 655 
Numerical values for cochlea, 403 


Observational errors, 239 
Observers, 6, 243-246, 613-614 
Ohm, G. 8., 471, 723 
Ohm's law, 471 
Olson, F., 369, 723 
Olson, H. F., 723 
Onset of sound, 383-384 
Onset intensity, 322, 326, 329-330 
Onset processes, 326-328 
Onset time, 322, 326-327, 536 
apparatus for determining, 58-60 
difference limen for, 326-331 
Onset transients, 320-321, 331, 383 
(See also Onset processes) 
Opening cochlea, effect of, 483 
Opheim, O., 588, 723 
Organ of Corti, 12, 15-16 
elasticity, 468, 487-492 
fine structure, 485-493 
impedance matching by, 492-493 
number of hair cells in, 619 
shearing forces in, 403 
wave motion in, 496-500 
Orientation, anatomical, 30-32 
of pipette, 35 
Osmotie pressure in sense cells, 233 
Ossicles, auditory, 95-102, 197-201 
forms of motion, 112-113, 197-201, 


265 
functions, 181, 196-197, 200-201 
lever action, 95-100 
mobility, 433 
resonance, 163 
(See also Incus; Malleus; Stapes) 
Otosclerosis operation, 122-124, 164 


740 


Oval window, 431 

(See also Cochlear windows) 
Overstimulation, 112, 257, 481, 498, 640 
Overtones, 578 

in ear, 99, 332-338 

in skin vibrations, 577-590 
Oxygen concentration effects, 488 
Oxygen deprivation, 640-642, 645, 654, 

677, 682, 689, 700 


Pain, effect on sensitivity, 246 
Pain threshold, 14, 481 
Paradoxical waves, 510-524, 532-533 
Particle velocity, 306-307 
perception, 305-312 
Pascal, B., 511 
Pathological conditions in cochlea, 
533-534 
Pattie, F. A., Jr., 278, 724 
Pauli, H., 719 
Pauli, R., 211, 724 
Pendulum model of cochlea, 519, 
526-534, 542-543 
Penfield, W., 565, 724 
Perception reversals, 281, 371 
Perceptive lesion, 88-89 
Percussion method, 74 
(See also Pulse method) 
Perforating electrode, 688-692 
Perforations of membranes, 647—648, 
652-653, 686 
effects on cochlear potentials, 697-699 
in models, 409—410 
Perilymph, electrical conductivity, 671, 
693-694 
viscosity, 406-407, 439 
Perilymph pressure, effect of anesthesia 
on, 688 
Perilymphatie duct, 452 
Periodicity, of nerve discharge, in beats, 
587 
in sound localization, 287-288 
in reversals of perception, 371 
Persistence (see Decay time) 
Perspective, reversible, 281, 371 
Persson, C. R., 716 
Peterson, L. C., 526, 666, 724 
Phase changes produced by ear, 70-72 
Phase measurement, 38-40 
Phase-measuring stroboscope, 461 
Phase relations, in basilar membrane 
movements, 460—463, 494 
in cochlear potentials, 689-690 
in ears without eardrum, 107 
in movements of middle ear and 
cochlea, 432-433 
for round-window membrane, 436 


INDEX 


Phase shift, effect on cochlear resonators 
411-413 
Phase shifter, 412, 602-603 
Phonation (see Vocalization) 
Photoelectric siren, 461 
Pickup, 151-155, 164-177 
Pillar cells, 13 
Pinna reflex, 501 
Pistonphone, 258 
Pitch, analogy in skin sensations, 562 
basis, 590 
effect on, of duration, 221-222 
of loudness, 463—464 
lower limit, 258, 260-261 
Pitch-loudness interval, 246 
Place of origin of cochlear microphonics, 
635-636, 684-710 
Planck, M., 649, 724 
Plastic-tube model of cochlea, 546-547, 
550-568, 575-576, 584-587 
Platinum black, 655 
Pneumatization, 124-126 
Pohl, R. W., 724 
Poiseuille's law, 138, 406—407, 435 
Polarity of microphonics within cochlea, 
707-709 
Polarization in cochlea, 656-657 
Politzer, A., 13, 14, 724 
Pollack, I., 622, 724 
Polvogt, L. M., 717 
Postmortem changes in tissues, 482—183 
Pouillet, C. S. M., 114, 162, 723 
Pressure, alternating, production, 49-51 
sense of, 249 
static, action, on inner ear, 433-454, 
472-476 
on middle ear, 99-100, 142, 336, 
342-343, 359-361 
Pressure cell, 151-156, 164-177 
Pressure difference, between cochlear 
windows, 117-126, 434—435 
from fluid streaming, 11 
in nerve excitation, 233 
Pressure effect of needle on membrane, 
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Pressure receiver, ear as, 331 

Pressure transformation in ear, 95-103, 
115-116 

Preyer's reflex, 501 

Pricking in ear, 219, 262-263 

Prickle, 594 

Principle of maximum stimulation, 419 

Pritchard, U., 486, 724 

Probe, capacitative, 53—57 

vibrating, 51 
Problems, nature and origin, 4-5 
Procopiu, S., 677, 724 
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Protection of ear, 102, 113-114, 203, 219, 
pu 

Pulse, circulatory, effect on skin sensa- 
tions, 613 

Pulse method, 72-81, 164, 168 

Pulses, acoustie, loudness variations, 

537-538 

in reverberant room, 384, 386 
production, 78-79 
velocity in cochlea, 456-457 
(See also Clicks) 


"Quanta of sensation, 238-245, 254, 
260-261 
Quantification, 6 
Quartz crystal, 152-155 
Quincke, G., 677, 724 
Quincke interference tube, 333-335 


“R” character, 345, 346 
“R” sound, 336 
Rabinovich, A. V., 302, 724 
Radial fibers of eardrum, 95-96 
Radiator of zero order, 305 
Radius of action on skin, 616-617, 631 
Random noise, effect on skin sensations, 
619-620, 629-630 
^ Randomizing switch, 212 
Ranke, O. F., 439, 485, 724 
.Ranvier, L., 14, 724 
Rasmussen, T., 724 
Rat, cochlea, 506-507 
sound analysis by, 506-507 
Rawdon-Smith, A. F., 654, 685, 719 
Rayleigh, Lord, 117, 269, 724 
Rayleigh waves, 495 
Receivers, bone-conduction, 133-134, 
150-151, 158-159 
Reciprocity method, 117-126 
Reciprocity principle, 117 
Recruitment, 88, 210 
Rectification in cochlea, 361 
(See also Distortion) 
Reference tone, 231 
Reflecting surfaces, breaking up, 376 
Reissner’s membrane, 13, 407 
coupling to basilar membrane, 497 
elasticity, 467 
as source of cochlear potentials, 695 
Rejté, A., 145, 724 
Renaut, J., 14, 724 
Resistance measurement, 655-660 
Resolving power (see Selectivity of basilar 
membrane response) 
Resonance, of cochlear partition, 
454-455, 460-462, 494, 504-510 
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Resonance, discovery, 470 
in rooms, 383-384 
sharpness (see Selectivity of basilar 
membrane response) 
Resonance theories, 254-255, 354, 366, 
404, 481, 526, 540-545, 549 
forms, 444 
history, 444 
model for, 545-546 
Resonant circuit, 369-370 
Resonators, cavity, construction, 80-81 
Resting potentials of cochlea, 636-647, 
651-652 
with perforating electrode, 688 
Reticular membrane, 14, 16, 490-492 
Rettinger, M., 724 
Retzius, G., 14, 486, 724 
Reverberation, 369-383 
effect of, on apparent distance of 
sound, 302-303 
on music, 369, 389-392 
effect on, of persons moving in room, 
392 


relation to rhythm, 373 
suppression, 374-376 
Reverberation onset process, 331 
Reverberation time, 321, 369-383, 
389-392 
Reverberation transients of room, 331 
Reversals of perception, 281, 371 
Reversible perspective, 281, 371 
Reynolds, O., 724 
Rhythm, 371-373 
Riegger, H., 555, 724 
Riegger's half-resonance curve method, 
155-156 
Riesco-MacClure, J. 5., 685, 717 
Riesenfeld, E. H., 233, 723 
Riesz, R. R., 208, 211, 231, 234, 261, 348, 
724 
Rinne test, 148 
Roaf, H. E., 443, 724 
Roberts, W. H., 564, 724 
Robinson, C., 724 
Rods of Corti, 13 
Rohracher, H., 725 
Room, natural frequency, 383-384 
Room acousties, 302, 321-322, 331-332, 
369-399 
Rooster, anatomy of ear, 196-108 
sensitivity to own vocalizations, 
183-184 
Ross, D. A., 728 
Rotary spark gap, 456 
Rotating phase shifter, 602-603 
Rotating skin sensations, 574, 600-605, 
631-632 
Rotating tones, 300, 349, 605, 631 
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Roughness, acoustic, 344-353 
Round window, 11, 431 
Round-window membrane, 429-438 
phase relations for, 436 
volume elasticity, 435—438 
Roux, W., 472, 725 
Ruch, T. C., 590, 591, 725 
Runge, C., 725 
Rutherford, W., 550, 725 


Sabine, W. C., 60, 321, 322, 381, 389, 
394, 725 
Sabine reverberation time, 374, 382 
Saccule, 452 
stimulation, 678 
Sacia, C. F., 725 
Safranine O as vital stain, 489 
Saul, L. J., 641, 685, 717, 725 
Scala tympani, 11 
Scala vestibuli, 11 
Schäfer, H. L., 140, 725 
Schelhammer, G. C., 10, 725 
Schmidt, H. G., 721 
Schmiescheck, U., 475, 725 
Schouten, J. F., 39, 725 
Schütz, E., 726 
Schuster, K., 73, 321, 332, 369, 725, 727 
Schwabach test, 148 
Schwarz, 129, 725 
Screwdriver used as manipulator, 40-42 
Second-order mierophonies, 696, 701 
Selectivity of basilar membrane response, 
404, 410-416, 446-449, 454—155, 
504-510, 535-537 
(See also Cochlea, as frequeney 
analyzer) 
Sell, H., 155, 725 
Semicircular canal, 11 
opening, 22 
Sensitivity, effect of pain on, 246 
(See also Thresholds) 
of skin (see Skin sensitivity; Vibratory 
sensitivity of skin) 
Sensory cells (see Hair cells) 
Sensory quanta, 238-245, 254, 260-261 
Shambaugh, G. E., 725 
Sharpening up of excitation, 223, 
228-231, 538-539, 556-557 
Shearing forces in organ of Corti, 493 
as sensory stimuli, 703-708 
Sheep, eardrum, 194 
Sherrington, C., 611, 725 
Shickman, G, M., 619, 726 
Shielding, electrical, 160 
Shock effect on cochlear partition, 642 
Shock waves in cochlea, 456-457 
Silver crystals, use, 38, 441, 459, 475 
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Simulated deafness, 90 
Sivian, L. J., 69, 725 
Size, apparent, of auditory sensations, 
377, 607 
of skin sensations, 607 
Skin, in bone conduction, 130, 133-134 
compared with ear, 564—634 
mechanical properties, 148-150, 
156-158, 164, 166 
stimulation, areal, 617-618, 622-625 
by clicks, 621-622, 629-631 
latencies in, 601—602 
two-point, 566, 615-616 
Skin sensations, effects of rate of loading 
on, 558 
(See also Vibratory sensitivity) 
Skin sensitivity, effect on, of adhesive 
tape, 617-618 
of warming, 626-627 
(See also Vibratory sensitivity of skin) 
Skramlik, E. von, 564, 725 
Skudrzyk, E., 725 
Skull, location in, of ear, 199-201 
of middle ear, 199-201 
motion during walking, 191 
rotation in vocalization 190 
vibrations in response to sounds, 
129-131, 163-181, 189 
Slit lamp, 34 
Snake, basilar membrane, 486 
Snow, W., 302, 725 
Soest, J. L., 725 
Sound, spatial attributes, 272-313 
Sound fields, direct and reflected, 332 
effect of absorbent surface on, 392-399 
measurement, 378-381 
relation to room size, 382 
Sound image of Ewald (see Standing- 
wave theory) 
Sound images, aftereffects in, 277 
for bone-conducted tones, 143 
changes in time, 277 
displacement threshold, 250-254 
fusion, 289-290, 292, 204-297 
interaction, 288-289 
latencies, 202 
location, 289-290, 202, 204-207 
paths followed by, 278-286 
size, 377 
Sound-level meter, 378-379 
Sound location, 292, 209-302, 374 
nerve discharge in, 287-288 
(See also Sound images, location) 
Sound-outflow theory, 140 
Sound pathways, 278-286 
Sound-pattern theory, 354, 365, 404—405, 
428, 438, 481, 510-545 
Sound pulses (see Pulses) 
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Sound transmission, 192, 196-197 
(See also Middle-ear apparatus; 
Ossicles) 
Space, relation of tactual and auditory, 
2 
Spandöck, F., 525, 720 
Spark apparatus, 79-80 
Spatial attitude in suppression of sound, 
375 
Specificity (see Seleetivity of basilar 
membrane response) 
Speech, intelligibility, 369 
regulation, 379 
intensity, 379 
Sphere, as sound souree, 305-306 
vibrations, 169-172 
Spiral diagrams of cochlea, 503-508 
Spiral ligament, 16 
Spiral limbus, elasticity, 472 
Spiral vessel, 487 
Spoor, A., 720 
Spread of vibratory sensations on skin, 
571-572 
Square waves, roughness, 351-352 
Staining of tissues, effects of oxygen 
concentration on, 488 
vital, 35, 488-489 
Standardization of instruments, 23, 44 
Standing-wave theory, 354, 365, 404—405, 
428, 438, 481, 540-545 
Standing waves in cochlea, 354, 365, 
404—405, 428, 438, 481, 540-545 
Stapes, 11 
amplitudes of vibration as funetion of 
frequency, 103, 172-174 
artificial, 427, 482 
fixation, 143, 145 
footplate area, 102 
force required for extraction, 434 
mobility, 435 
modes of motion, 112-113, 201-203, 
482 
position, 115 
as source of difference tones, 344 
spatial relation to basilar membrane, 
256-257 
transients, 316 
Static pressure, action on basilar mem- 
brane, 472-476 
maximum bearable, in inner ear, 
433-434 
in meatus, 99-100, 141-142, 336, 
342-343, 350-361 
Steinberg, I., 302, 725 
Steinberg, J. C., 718, 725 
Step process, 74 
Stereophonie hearing, 566-568 
analogy for skin, 566-568 
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Steudel, U., 320, 458, 726 

Stevens, 8. S., 440, 463, 577, 619, 626, 
654, 726 

Stewart, G. W., 60, 137, 726 

Stirrup (see Stapes) 

Straut, C. B., 641, 728 

Streaming of fluid in cochlea, 11 

(See also Eddies) 

Streaming potentials, 677 

Stretched-membrane principle of imped- 
ance matching, 492-493 

Stria vascularis, 16 

Stroboscope, 37-40, 461 

Stroboscopic illumination, 422, 427, 441 

Strutt, M. J. O., 113, 369, 383, 387, 394, 
726 

Stuhlman, O., Jr., 99, 197, 726 

Stumpf, C., 225, 291, 332, 348, 575, 576, 
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Styloid process, 430 
Subharmonies, 114, 197, 476 
Subjeets, 6, 243-246, 613-614 
Substitution method of measuring 
impedance, 69-70 
Summation, 609-613, 625-626 
binaural, 219, 223-226, 235 
of intensity for touch, 569-570 
of loudness, 416—417 
region for skin, 616-617, 631 
of vibratory sensations on skin, 597, 626 
(See also Funneling in nervous system) 
Suppression, in nervous system, 292-294 
of sound, 375 
Swallowing, clicks produced by, 314 
effect on middle-ear pressure, 342 
Switch, electronic, 58-60, 369-370 
randomizing, 212 
Syllables, number in words, 371 
Sympathetic vibration (see Resonance) 
Synchrony of nerve discharges from skin, 
593, 595-596, 601-602 


Tactual and auditory space relation, 275 
Tasaki, I., 493, 495, 512, 726 
Taylor, 8., 576, 726 
Techniques, anatomical, 12-13, 17-32, 
34, 49 
Tectorial membrane, 14-17, 468-469 
elasticity, 467-469, 489—401 
Telephone theory, 481, 540-546 
model for, 545-546 
Temporal bone dissection, 20-22, 30 
Tensor tympani muscle, 112, 114 
contraction, 359, 361 
effects of, on difference tones, 343 
on ossicles, 343 
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Tensor veli palatini muscle, 314 
Tests of hearing, clinical, 88, 135, 148, 
163 
"Theater, paths of sound in, 393-394, 558 
Theoretical method, 4 
Theories of hearing (see Duplexity theory 
of hearing; Resonance theories; 
Standing-wave theory; Telephone 
theory; Traveling-wave theory) 
"Thermophone, 66-69, 317 
"Thermostat, 43 
Thévenin, L., 726 
Thévenin’s theorem, 104 
Thoma, A., 720 
Threshold, absolute, for skin, 566, 583 
absolute intensity, by air conduction, 
abnormal, 88-91, 106, 162 
for low tones, 257-261 
normal, 84-85, 106, 246, 248, 455 
with vibrator, 136 
by bone conduction, 131-136, 148, 
160-162, 172-173, 191-192 
conditions affecting, 207, 246 
reproducibility, 83-85, 433 
(See also Audiogram) 
differential (see Difference limen) 
of feeling, 113, 219—220, 257, 464 
of fusion, 260-261 
Tickle, 262-264 
threshold, 114, 261, 264 
Timbre, basis, 320 
effect on distance perception, 313 
effect of intensity on, 218 
for interrupted tones, 387-388 
just-noticeable differences in, 335 
Time delay between two stimuli, effect of, 
for ear, 573, 632 
for vibration on skin, 573, 630-632 
(See also Location) 
Time differences perceived by skin, 568 
Timoshenko, §., 337, 726 
Tinnitus, 88-89 
Tischner, H., 726 
Todd, B., 726 
Tonal fusion (see Fusion) 
Tonal gap, 464—465 
Tortoise, basilar membrane, 485-486, 
501 
labyrinth, 501 
Touch produced by low tones, 258-262 
Tower, O. F., 649, 726 
Transformer action in ear, 95-126 
Transient intensity, 322, 328-330 
Transient processes, 322 
Transient time, 322, 328 
Transients, apparatus for producing, 
58-60 
audibility, 321-332 
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Transients, in cochlear models, 555-556, 
558 
of mouth cavity, 80 
in ossieular movements, 81 
patterns on basilar membrane 
produced by, 542, 549 
in room acoustics, 331-332 
(See also Decay time; Onset time) 
Transmission characteristics, 95 
in ear, 72-81, 95-126, 429-433, 437 
(See also Impedance) 
Transmission lines, mechanical analogics, 
514 
Trautwein, F., 393, 726 
Traveling-wave theory, 540-541, 544-549 
model for, 545-547, 550-568 
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494, 512 
in cochlear models, 517—524 
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in transmission line, 512-515 
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Clinical tests of hearing) 
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labyrinth, 501 
Two-point stimulation of skin, 615-616 
Two-point threshold for skin, 566 
Tympanie membrane (see Eardrum) 
Tympanie muscles (see Middle-ear 
muscles) 
Tympanie scala, 11 
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Undertones, 114, 197, 476 
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Velocity, perception by ear, 305-312 
of wave motion in medium, 405-496 
of waves in cochlea, 456-457 
Vestibular organs, 485 
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(See also Saceule; Utricle) 
Vestibular scala, 11 
Vibrating electrode, 636, 672-673, 697, 
702-703 
Vibrating fluid column, 695-696 
Vibration, mechanical, phase of, 51-53 
from vocal cords, 186 
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Vibration microphone, 151-155, 164-177 
Vibrational echoes on skin, 632-633 
Vibrator, 49-51 
for bone conduction, 133-134, 150-151, 
158-159 
Vibratory frequencies, interactions, 
606-607 
Vibratory phenomena, beats, 574-575, 
578-590 
Vibratory “pitch,” basis, 590-598 
Vibratory sensitivity of skin, 545-634 
effect on, of anesthesia, 600 
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of duration, 559, 598 
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spread, 571-572 
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Viscosity, 544 
of perilymph, 434 
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Visual space system, 286 
Vital staining, 35, 488-489 
Vocal apparatus as sound source, 306 
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Vocal sounds, loudness for groups of 
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hearing by bone conduction, 181-191 
isolation of ear in, 201 
skull vibrations in, 187-190 
sound pressure, 183 
Voice regulation, 379 
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